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FINISHING  OF  SILICON  NITRIDE  BALLS 


M.  Raghunandan  and  R.  Komanduri 
Mechanical  and  Aerospace  Engineering 
Oklahoma  State  University 
Stillwater,  OK  74078,  USA 

SUMMARY 

A  batch  of  12,  HIPed  silicon  nitride  balls  (NBD  200  from  CERBEC)  of  13.4 
mm  nominal  diameter  was  finished  by  magnetic  float  polishing  process.  These 
balls  contained  nearly  a  200  pm  thick  x  5  mm  wide  band  of  material  around  the 
periphery  at  the  parting  plane  for  HIPing.  The  finishing  process  consisted  of 
three  stages  -  rough  polishing  using  30  pm  boron  carbide  at  4000  rpm  spindle 
speed  to  remove  the  rim  on  the  silicon  nitride  balls,  intermediate  finishing  30  pm 
boron  carbide  at  2000  rpm  spindle  speed  to  reduce  diameter  and  sphericity,  and 
final  finishing  using  10  pm  silicon  carbide,  followed  by  1  pm  silicon  carbide  and  1- 
5  pm  chromium  oxide.  The  balls  were  finished  to  a  final  diameter  of  12.7  mm 
with  an  average  sphericity  of  1.3  pm  (0.5  -  2.0  pm)  and  an  average  surface 
finish,  Ra,  of  24.6  nm  (16.6  -  39.8  nm).  The  total  time  for  finishing  was  about  21 
hours.  This,  however,  included  an  intermediate  stage  of  finishing  with  chromium 
oxide  in  order  to  address  the  problems  we  experienced  earlier  in  attempting  to 
obtain  good  finish.  As  this  stage  is  not  required  under  normal  circumstances, 
some  4  1/2  hours  of  polishing  time  can  be  saved  resulting  in  total  polishing  time 
of  about  161/2  hours. 

EXPERIMENTAL  SETUP  AND  TEST  PROCEDURE 

Figure  1  (a)  is  a  schematic  diagram  and  Figure  1  (b)  is  a  photograph  of  the 
magnetic  float  polishing  apparatus  showing  permanent  magnets  located  at  the 
base  of  the  apparatus.  Table  I  lists  typical  test  conditions  used  with  the  magnetic 
float  polishing  apparatus.  The  magnets  were  located  with  alternate  N  and  S 
poles  underneath  the  float  chamber.  A  guide  ring  was  mounted  on  top  of  the 
float  vessel  to  contain  the  magnetic  fluid.  Magnetic  fluid  containing  fine  abrasive 
particles  was  filled  in  the  chamber.  The  ceramic  ball  blanks  were  held  in  a  3- 
point  contact  between  the  float  at  the  bottom,  chamber  wall  on  the  side,  and  a  top 
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plate  connected  to  the  shaft  at  the  top.  The  shaft  was  connected  to  the  spindle  of 
the  Bridgeport  CNC  milling  machine  or  the  Professional  Instruments  Inc.  (PI) 
spindle  which  is  capable  of  operating  in  the  speed  range  of  60  -  6,000  rpm  and 
upto  10,000  rpm  respectively.  The  balls  and  the  float  were  pushed  upwards 
against  the  shaft  by  the  magnetic  buoyancy  force.  When  a  magnetic  field  was 
applied,  the  ceramic  balls,  abrasive  grains,  and  the  float  made  of  non-magnetic 
material  all  float  and  were  pushed  upwards  by  the  magnetic  fluid.  The  balls  were 
pressed  against  the  drive  shaft  and  were  finished  by  the  rotation  of  the  drive 
shaft. 


The  magnetic  fluid  is  a  colloidal  dispersion  of  extremely  fine  (100  to  150  A) 
sub-domain  ferro-magnetic  particles,  usually  magnetite  (Fe304),  in  various  carrier 
fluids,  such  as  water  or  kerosene.  The  ferrofluids  are  made  stable  against  particle 
agglomeration  by  the  addition  of  surfactants.  The  chemical,  mechanical,  and 
physical  properties  of  a  ferrofluid  correspond  very  closely  to  those  of  a  carrier 
fluid.  For  example,  all  commercial  ferrofluids  utilizing  organic  carrier  liquids  are 
essentially  electrically  nonconductive  and  they  have  good  lubrication  properties. 
Magnetically,  a  ferrofluid  is  perfectly  soft.  The  fluid  has  no  net  magnetization 
because  the  magnetic  moments  of  individual  particles  are  randomly  distributed. 
When  a  magnetic  field  is  applied  to  a  ferrofluid,  the  magnetic  moments  of  the 
particles  orient  along  the  field  lines  almost  immediately  to  changes  in  the  applied 
magnetic  field  (H).  When  the  applied  field  is  removed,  the  moments  randomize 
quickly.  Ferrofluids  belong  to  a  class  of  materials  defined  as  super-magnetic. 
The  magnetization  (M-H)  curve  for  the  magnetic  fluid  used  in  the  present  study  is 
given  in  Figure  2.  The  fluid  possesses  susceptibility  up  to  10^  times  greater  than 
natural  liquids  and  exhibits  saturation  magnetization  (the  maximum  possible 
magnetization)  up  to  10^  A/m. 

Ferrofluids  are  strongly  affected  by  an  applied  magnetic  field.  In  a  uniform 
magnetic  field,  the  particles  in  a  ferrofluid  experience  only  torque  and  align  with 
the  field.  When  a  magnetic  fluid  is  placed  in  a  magnetic  field  gradient,  it  is 
attracted  towards  the  regions  of  higher  magnetic  field.  If  a  non-magnetic 
substance  (e.g.,  abrasives  in  this  case)  is  mixed  in  the  magnetic  fluid,  the 
substance  is  discharged  towards  the  regions  of  lower  field.  When  the  field 
gradient  is  set  in  the  gravitational  direction,  the  non-magnetic  material  is  made  to 
float  on  the  fluid  surface  by  the  action  of  the  magnetic  levitational  force.  In  a  field 
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with  a  gradient,  however,  the  particles  experience  a  force  such  that  the  fluid  itself 
responds  as  a  homogeneous  magnetic  liquid  which  moves  to  the  region  of 
highest  field.  Due  to  this,  any  non-magnetic  material  (float,  balls,  and  abrasives 
in  this  case),  when  placed  in  ferrofluid,  experiences  a  force  which  tends  to  expel 
the  non-magnetic  body  from  the  fluid.  This  force,  called  the  buoyancy  or 
levitational  force,  is  proportional  to  the  gradient  of  the  external  field,  the  strength 
of  the  external  field,  and  the  magnetization  of  the  fluid.  Thus,  the  balls  are 
pushed,  by  the  float,  against  the  top  plate  with  a  buoyant  force  Fb.  The  magnetic 
buoyant  force  Fb  can  be  changed  by  changing  the  gap  between  the  float  and  the 
magnet,  and,  by  changing  the  magnetic  field.  This  force  is  now  utilized  for 
polishing  purposes. 


TEST  PROCEDURE 

Table  II  lists  the  different  polishing  stages  used  to  finish  a  batch  of  12,  1/2 
in  HIPed  silicon  nitride  balls.  The  process  parameters  such  as  spindle  speed, 
abrasive  type,  abrasive  size  and  spindle  type,  for  different  stages  of  polishing  are 
also  listed  in  the  Table  III.  Except  for  the  two  tests  (I  and  Q),  a  load  of  IN/ball 
was  used.  The  loads  used  in  tests  I  and  Q  are  indicated  in  Table  III.  The  choice 
of  these  process  parameters  were  based  on  the  results  of  previous  polishing 
stage  and  the  aim  of  the  next  polishing  stage.  The  batch  size  was  chosen  as  the 
largest  number  of  balls  that  could  be  used  in  the  present  experimental  setup. 
After  each  polishing  stage  the  balls  were  characterized  as  follows; 

1.  The  ball  diameter  measurements  were  taken  at  ten  points  on  each  ball  for 
all  the  balls  for  Tests  A,  B,  C,  and  Q.  For  other  tests,  diameter 
measurements  were  on  3  or  4  balls  and  for  each  ball  3  or  4  measurements 
were  taken. 

2.  The  weight  change  was  measured  for  the  balls  and  the  material  removal 
rate  in  mg/min  was  computed  as  the  weight  change  per  ball  per  minute. 

3.  The  ball  roundness  was  measured  using  TalyRond  at  three  different  points 
on  each  ball  for  three  different  balls.  For  Test  H,  the  TalyRond 
measurements  were  not  taken. 
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4.  In  some  cases  (Tests  G,  H,  I,  N,  P,  and  Q),  the  surface  finish  was 
measured  using  the  Talysurf.  Measurements  were  taken  at  three  different 
points  on  each  ball  for  three  balls  for  Tests  G,  N  and  Q.  For  Tests  I,  H, 
and  P,  three  measurements  on  one  ball  were  taken. 

5.  At  the  end  of  Test  Q,  the  balls  were  characterized  using  a  Zygo  laser 
interference  microscope  and  an  ABT  3200  Scanning  Electron  Microscope 
(SEM).  The  measurements  were  taken  at  two  different  points  on  the  ball 
for  two  balls. 


TEST  RESULTS 

A  large  rim  of  material  was  found  at  the  perimeter  of  the  as-received  balls. 
This  rim  measured  about  200  pm  thick  x  5  mm  in  height.  The  as-received  balls 
had  a  mean  diameter  of  about  13.4  mm.  In  Figure  3  (a),  a  TalyRond  trace  of  the 
ball  through  this  rim  of  material  is  shown.  The  sphericity  of  the  ball  as  measured 
by  TalyRond  was  203.4  pm  (244.9  - 183.1  pm).  After  about  1 1  hours  of  polishing 
(Test  I)  the  sphericity  was  improved  to  1 .6  pm  (2.3  -  0.9  pm).  The  diameter  of  the 
ball  was  about  13  mm  at  this  stage.  Another  10  hours  of  polishing  was  needed  to 
reduce  the  diameter  to  12.7  mm.  At  this  stage  (Test  Q),  a  sphericity  of  1.3  pm 
(2.0  -  0.5  pm)  and  a  surface  finish  (Rg)  of  24.6  nm  (16.6  -  39.8  nm)  were 
obtained.  Figure  3  (b)  and  3  (c)  give  the  TalyRond  traces  of  the  polished  ball 
(stages  I  and  Q)  in  the  same  scale  as  Figure  3  (a)  for  comparison.  Figures  4  (f) 
and  0)  show  the  same  traces  (for  Tests  I  and  Q,  respectively)  at  higher 
magnification  to  show  the  undulations  on  the  ball  on  a  micro-level. 

The  strategy  used  for  finishing  the  balls  was  as  follows.  Initially  the 
polishing  was  aimed  at  removing  the  rim  and  reducing  the  diameter.  This 
required  high  removal  rate  so  that  the  ball  shape  could  be  improved  quickly. 
Hence,  the  polishing  was  performed  with  a  500  grit  (about  30  pm  mean  diameter) 
boron  carbide  abrasive  at  4000  rpm  (Tests  B  and  C).  Tests  B  and  C  summarize 
three  tests  of  45  minutes  each  for  a  total  of  180  minutes.  These  tests  were 
conducted  on  the  Bridgeport  CMC  milling  machine  in  order  to  protect  the 
precision  PI  air  bearing  spindle  from  impact  loads  caused  by  the  large  sphericity 
of  the  balls.  In  Table  III,  the  maximum,  minimum  and  average  sphericity  of  the 
balls  and  the  material  removal  rates  (mg/min)  for  different  stages  of  polishing  are 
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given.  The  test  numbering  in  this  table  corresponds  to  the  numbering  used  in 
Table  II,  where  the  conditions  used  for  polishing  are  given.  Figures  4  (a)  and  (b) 
are  TalyRond  traces  showing  the  progressive  improvement  of  sphericity  of  the 
ball  with  polishing  duration  (for  Tests  B  and  C,  respectively).  After  the  first 
duration  of  polishing  [Figure  4  (a)],  i.e.  after  135  minutes,  the  rim  of  material  on 
the  silicon  nitride  balls  was  completely  removed.  Thus,  135  minutes  are 
sufficient  to  remove  the  rim  completely.  Test  C  was  aimed  primarily  at  removing 
material  so  that  the  required  diameter  can  be  reached. 

Further  polishing  tests  were  aimed  at  improving  the  sphericity  and 
reducing  the  diameter.  For  this  purpose,  polishing  with  boron  carbide  at  a  speed 
of  2000  rpm  on  a  PI  spindle  was  carried  out  (Tests  D,  E,  and  F).  This  decision 
was  based  on  the  previous  experience  that  a  speed  of  2,000  rpm  and  use  of  PI 
spindle  would  produce  good  sphericity.  Figures  4  (c),  (d),  and  (e)  show  the 
TalyRond  plots  for  Tests  D,  E,  and  F,  respectively.  At  the  end  of  Test  F,  a 
sphericity  of  2  pm  (1 .8  -  2.8  pm)  was  obtained.  At  this  stage,  the  diameter  was 

about  13  mm. 

In  the  finishing  of  silicon  nitride  balls  in  some  of  the  previous  batches, 
problems  were  encountered  in  obtaining  good  surface  finish  (Ra  less  than  50 
nm).  It  was  observed  that  good  surface  finish  was  obtained  with  chromium  oxide 
in  some  tests  but  not  in  others.  It  was  felt  that  this  was  due  to  changes  in  the 
polishing  load.  Though  nominally  1  N/ball  was  used  in  the  polishing  experiments, 
a  variation  of  about  1 0  -  20%  was  expected  in  some  of  the  tests  due  to  electronic 
drift  in  the  amplifier.  After  detecting  the  drift,  the  amplifier  was  replaced  with  one 
that  was  stable.  To  analyze  this,  tests  with  chromium  oxide  abrasive  were 
planned.  Before  polishing  with  chromium  oxide,  an  intermediate  polishing  with 
smaller  grit  size  (10  pm)  boron  carbide  was  carried  out  (Test  G).  Only  a  slight 
improvement  in  sphericity  was  seen.  The  surface  finish  parameters  Ra  and  Rt 
(minimum,  average  and  maximum  values  of  measurement)  are  listed  in  Table  IV. 
Polishing  with  chromium  oxide  was  then  carried  out  (Test  H)  at  a  load  of  1  N/ball. 
As  was  expected,  no  improvement  in  surface  finish  was  obtained.  The  load  was 
then  increased  to  1 .5  N/ball  (Test  I),  with  all  the  remaining  parameters  similar  to 
Test  H.  An  Ra  of  35  nm  (29.1  -  38.4  nm)  was  obtained,  which  is  about  half  the 
previous  value.  Figures  5  (a),  5  (b),  and  5  (c)  give  the  Talysurf  surface 
roughness  traces  for  Tests  G,  H,  and  I,  respectively.  The  TalyRond  plot  for  Test  I 
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is  shown  in  Figure  4  (f)  [see  also  Figure  3  (b)].  On  comparing  Figures  5  (a)  and 
(b),  it  is  clear  that  there  was  no  change  in  surface  finish  between  Tests  G  and  H. 
The  removal  of  peaks,  which  is  characteristic  of  chromium  oxide  polishing,  can 
be  seen  in  Test  I  [Figure  5  (c)].  Thus,  it  is  clear  that  loads  higher  than  1  N/ball 
are  needed  for  producing  good  surface  finish  using  chromium  oxide  abrasive.  A 
slight  reduction  in  sphericity  was  also  obtained. 

Polishing  tests  J,  K,  and  L  were  aimed  at  rapidly  reducing  the  diameter 
while  maintaining  the  sphericity.  In  Test  J  boron  carbide  abrasive  (30  pm)  was 
used.  In  Test  K  ,  the  abrasive  was  changed  to  softer  silicon  carbide  (38  pm),  so 
that  the  surface  damage  could  be  reduced  to  some  extent.  However,  this 
resulted  in  a  large  reduction  of  removal  rate.  Hence,  in  Test  L,  boron  carbide 
abrasive  (30  pm)  was  again  used.  The  sphericity  was  maintained  in  the  range  of 
1  -  3  pm  for  all  these  tests.  The  ball  diameter  at  the  end  of  this  test  was  in  the 
range  of  12.785  - 12.791  mm. 

The  emphasis  in  the  final  stage  of  polishing  was  to  obtain  the  desired 
surface  finish  and  sphericity  while  maintaining  the  required  diameter.  Tests  M  - 
Q  correspond  to  this  stage  of  polishing.  In  Test  M,  silicon  carbide  (12  pm)  size 
was  used  for  polishing.  This  resulted  in  good  improvement  in  sphericity  to  an 
average  value  of  1  pm  (1 .8  -  0.5  pm).  Figure  4  (g)  shows  a  TalyRond  plot  of  the 
ball.  However,  the  removal  rate  was  low.  In  order  to  reduce  the  total  polishing 
time,  silicon  carbide  of  the  next  larger  grit  size  (15  pm)  was  used  in  polishing  in 
Tests  N  and  O.  In  Test  N,  an  average  sphericity  of  0.9  pm  (0.7  - 1.2  pm)  was 
obtained.  Figure  4  (h)  shows  a  TalyRond  plot  of  the  roundness  of  the  ball  and 
Figure  5  (d)  shows  the  Talysurf  surface  roughness  plot  of  the  ball  at  the  end  of 
this  test.  In  Test  O,  evaporation  of  the  water  base  and  consequent  drying  of  the 
magnetic  fluid  was  observed.  This  lead  to  improper  movement  of  the  ball  in  the 
polishing  chamber  and  hence  poor  sphericity.  The  sphericity  at  the  end  of 
polishing  Test  O  was  3.1  pm  (1.8  -  4.2  pm).  Since  the  diameter  at  the  end  of 
this  test  was  12.703  -  12.705  mm,  no  attempt  was  made  to  correct  this  increase 
in  sphericity  by  further  polishing  with  silicon  carbide  of  15  pm  grit  size.  Instead, 
silicon  carbide  of  1  pm  grit  size  was  used  for  polishing  with  the  aim  of  improving 
surface  finish  (Test  P).  It  was  found  that  Test  P  resulted  in  both  improvement  of 
surface  finish  and  sphericity.  Figures  4  (i)  and  5  (e)  show  the  TalyRond  and 
Talysurf  plots  respectively  for  Test  P.  Next  a  final  polishing  test  using  chromium 
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oxide  (1  -  5  |im)  with  a  load  of  1.2  N/ball  was  performed  (Test  Q).  A  sphericity  of 
1.3  jim  (0.5  -  2.0  pm)  was  obtained.  The  TalyRond  roundness  plot  is  shown  in 
Figure  4  (j)  [see  also  Figure  4  (c)].  The  surface  finish  Ra  was  24.6  nm  (16.6  - 
39.8  nm).  Figure  5  (f)  shows  the  Talysurf  surface  roughness  of  the  polished  ball. 
The  polishing  by  removal  of  peaks  as  seen  in  Test  I  is  also  found  in  this  case. 
Figure  6  shows  the  2-D  surface  roughness  plot  obtained  from  ZYGO  laser 
interference  microscope.  ZYGO  plot  shows  a  mostly  smooth  surface  with  few 
shallow  pits.  These  pits  are  believed  to  be  left  over  from  the  previous  polishing 
stages. 


DISCUSSION 

The  total  polishing  process  can  be  divided  into  three  stages: 

1.  Removal  of  the  rim  of  material  -  This  took  about  two  hours  (135  min.)  of 
polishing.  In  this  stage  the  emphasis  was  placed  on  obtaining  high 
removal  rate  so  that  the  rim  could  be  quickly  removed.  At  this  stage, 
surface  finish  is  important  only  to  the  extent  that  it  is  useful  in  controlling 
the  amount  of  damage  to  the  surface. 

2.  Reduction  in  diameter  and  improvement  of  sphericity  -  The  emphasis  here 
was  on  quick  improvement  in  sphericity  with  a  moderate  removal  rate. 
The  improvement  in  sphericity  was  quicker  than  the  reduction  in  diameter. 
Thus,  a  sphericity  of  about  1  pm  was  obtained  in  about  five  hours  of 
polishing,  while  the  diameter  at  this  stage  was  nearly  300  pm  oversize. 
Reduction  of  diameter  needed  about  2  hours  of  polishing. 

3.  Final  finishing  -  This  stage  has  two  sub  goals  -  control  of  final  diameter 
and  sphericity,  and,  production  of  final  surface  finish.  Low  removal  rates 
are  prefered  here  so  that  better  control  can  be  exercised  on  the  final 
diameter.  Also,  a  graded  surface  finish  is  needed  between  the  rough 
polishing  of  earlier  stages  and  final  chromium  oxide  polishing.  Abrasives 
of  smaller  grit  size  were  used  for  this  purpose  which  would  also  give  rise 
to  low  removal  rates.  Further,  the  sphericity  needs  to  be  held  at  a  low 
value.  This  stage  of  polishing  took  about  8  hours. 
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In  the  present  test,  a  total  of  about  21  hours  was  needed  to  complete 
polishing  of  1/2  in.  silicon  nitride  balls  to  final  size,  finish,  and  sphericity.  As 
pointed  out  earlier,  some  experiments  on  polishing  with  chromium  oxide  were 
carried  out  at  the  intermediate  stage.  As  this  was  not  required,  the  total  polishing 
time  could  be  about  16  1/2  hours.  Also,  in  the  present  test,  we  were  able  to 
achieve  the  polishing  stages  1  and  2  successfully.  The  maximum  diametrical 
removal  rate  was  about  1 .2  pm/min.  Thus,  from  the  initial  diameter  of  13.4  mm, 
the  final  diameter  of  12.7  mm  can  be  obtained  in  about  10  hours.  However,  to 
obtain  low  values  of  sphericity  and  surface  finish,  small  abrasives/low  speed 
need  to  be  used.  This  implies  that  a  large  amount  of  time  was  spent  in  removing 
the  final  100  pm  of  diameter.  Also,  the  variability  of  removal  rates  was  sufficiently 
large,  especially  at  higher  removal  rates.  This  we  believe  was  due  to  repeated 
use  of  the  ferrofluid  instead  of  a  fresh  batch.  We  have  done  this  as  our  stock  of 
ferrofluid  was  rapidly  depleting.  This  implies  that  there  may  be  considerable 
variation  in  finishing  times.  Also,  some  amount  of  intermediate  inspection  is 
needed.  However,  we  feel  that  by  incorporating  appropriate  monitoring  and 
control  systems  (for  example  for  load  and  speed),  better  control  over  the  process 
can  be  achieved. 

As  pointed  out  earlier,  the  as-received  (HIPed)  silicon  nitride  balls  from 
CERBEC  (NBD  200)  were  about  13.4  mm  in  diameter  and  contained  nearly  a 
200  pm  (diameter  difference)  x  5  mm  band  of  material  around  the  periphery.  To 
finish  these  balls  to  a  diameter  of  1/2  in  took  nearly  21  hours.  However,  some  4 
1/2  hours  was  not  required  in  the  normal  procedure.  Also,  the  diameter  of  the  as- 
received  balls  need  not  be  13.4  mm  and  the  rim  of  material  can  also  be  reduced 
significantly  during  HIPing  .  This  should  bring  the  polishing  time  down  quite 
significantly.  It  also  shows  the  capability  of  the  magnetic  float  polishing  technique 
to  handle  balls  of  such  initial  size  and  shape. 

Figure  7  shows  the  variation  of  average  sphericity  with  time.  The 
maximum  and  minimum  sphericity  values  measured  are  also  shown  in  the  figure 
as  error  bars.  In  this  plot  the  three  stages  of  polishing  discussed  earlier  are 
indicated.  It  should  be  noted  that  the  Y-axis  (sphericity)  is  plotted  in  log  scale. 
Hence,  the  error  bars  would  appear  disproportionately  large  at  smaller  values  of 
sphericity  when  compared  to  larger  values.  In  this  plot  the  intermediate  tests 
conducted  to  study  the  effect  of  load  on  chromium  oxide  polishing  were 
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eliminated  and  the  time  correspondingly  adjusted.  The  thick  lines  are  the  best-fit 
exponential  functions.  In  the  curve  fitting,  the  data  after  405  minutes  of  polishing 
(Test  F)  was  considered  separately  as  the  slope  of  the  line  was  different.  Thus 
the  two  exponential  functions  approximate  a  more  complicated  function.  Also  the 
data  for  Tests  O,  P,  and  Q  (the  last  three  tests)  were  not  considered  for  curve 
fitting.  This  was  due  to  the  fact  that  the  fluid  dryed  up  during  Test  O,  causing  a 
degradation  in  sphericity.  As  this  dry  up  was  a  peculiarity  of  this  particular  test 
and  should  not  occur  in  general  practice,  it  was  eliminated  from  the  analysis. 
Also,  since  the  degradation  in  sphericity  at  one  test  will  be  carried  over  to 
subsequent  tests,  these  data  points  were  also  eliminated  from  analysis.  The 
extrapolation  of  the  best  fit  curve  is  shown  in  broken  lines.  It  can  be  seen  that  this 
line  is  almost  parallel  to  the  line  through  the  last  three  points.  This  clearly 
indicates  that  the  test  results  would  have  followed  the  line  indicated  by  the 
broken  line  had  the  fluid  not  dryed  up.  This  gives  us  further  confidence  that  our 
analysis  is  valid. 

The  change  in  slope  of  the  best  fit  occurs  at  about  2  pm  average 
sphericity.  This  slope  is  about  3  times  smaller  than  that  of  the  previous  curve. 
Thus  to  reduce  sphericity  by  half  (say  from  1  to  0.5  pm)  would  take  three  times 
more  time  than  it  would  take  to  the  same  reduction  at  larger  values  of  sphericity 
(say  50  to  25  pm).  The  equations  for  the  best  fit  are  given  in  the  following: 

Sphericity  =  156.16  Sphericity  >  2  pm 

Sphericity  =  8.72  e*0003t  Sphericity  <  2  pm 

Based  on  these  equations,  an  estimated  time  of  1400  minutes  from  the 
beginning  is  needed  to  obtain  a  sphericity  of  better  than  0.1  pm  average. 

Earlier,  we  have  identified  factors  such  as  speed,  wear  of  shaft,  and  wear 
of  float  to  influence  the  sphericity  of  the  ball.  We  now  know  that  fluid  dry-up  as 
an  additional  factor  influencing  the  sphericity  in  magnetic  float  polishing.  This 
knowledge  along  with  the  bet  fit  relationships  obtained  here  would  be  useful  for 
producing  high  precision  balls  using  MFP. 
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As  mentioned  earlier,  the  diameter  of  the  finished  balls  were  measured  10 
times  on  each  ball  for  all  the  balls.  The  measurements  were  performed  using  a 
micrometer  with  a  resolution  of  1  pm.  From  this  the  frequency  of  occurrence  of 

each  diameter  value  was  determined.  This  frequency  was  divided  by  the  total 
number  of  measurements  to  obtain  the  normalized  frequency  for  each  diameter. 
Figure  8  shows  the  normalized  frequency  for  the  different  ball  diameters.  The 
average  of  diameters  for  the  whole  batch  was  12.695  mm.  It  can  be  seen  from 
the  plot  that  most  of  the  diameters  (about  95%)  are  within  ±  1  pm  from  the 
average  diameter.  This  variation  is  same  as  the  capability  of  the  measuring 
instrument.  Also,  the  difference  in  maximum  and  minimum  diameter 
measurements  was  4  pm.  Of  this,  the  average  variation  in  the  different  diameter 
measurements  of  a  single  ball  (i.e.  average  sphericity  as  measured  by 
micrometer)  was  2  pm.  The  variation  among  the  average  diameters  of  the  balls 
in  the  batch  was  2  pm. 


CONCLUSIONS 

1.  A  batch  of  12,  HIPed  silicon  nitride  balls  of  13.4  mm  nominal  diameter 
was  finished  to  size,  sphericity,  and  finish  using  magnetic  float  polishing 
technique.  The  finished  balls  were  characterized  using  Talysurf,  TalyRond,  Zygo 
laser  interference  microscope,  and  a  scanning  electron  microscope.  The  finished 
bails  had  a  final  diameter  of  12.7  mm  with  an  average  sphericity  of  1.3  pm  (0.5  - 
2.0  pm)  and  an  average  surface  finish,  Ra,  of  24.6  nm  (16.6  -  39.8  nm). 

2.  The  finishing  time  to  accomplish  the  task  was  about  21  hours  from 
the  as-received  condition.  However,  under  normal  circumstances,  this  can  be 
reduced  to  16  1/2  hours  or  less  as  some  4  hours  was  taken  to  conduct  other 
tests  to  assess  surface  finish  achievable  with  chromium  oxide  abrasive.  Also, 
both  the  initial  diameter  and  shape  can  be  considerably  close  to  the  finial 
requirements.  This  would  significantly  reduce  the  polishing  time. 

3.  Unlike  the  conventional  polishing  technique,  the  batch  size  used  is 
rather  small.  This  was  by  choice  as  we  were  asked  to  develop  technology  for 
polishing  small  batches  since  conventional  methods  requires  large  number  of 
balls  and  long  polishing  times.  In  a  R  &  D  environment  or  where  small  batches 
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are  desired,  the  technique  developed  would  be  ideal.  It  is  conceivable  that  the 
batch  size  can  be  increased  to  say  50  to  1 00  balls  per  batch. 
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TABLE  I  TEST  CONDITIONS 


Work  material 

HIPed  Silicon  nitride(NBD  200),  1/2  in  balls 

Abrasive  type 

B4C,  SiC,  Cr203 

Abrasive  size 

1  -  40  |im 

Abrasive  concentration 

1 0  %  by  volume 

Ferrofiuid 

Water  based  ferrofiuid  (W-40) 

(400G  saturation  magnetization 

Viscosity  25  cp) 

Magnets 

Rare  Earth  Magnets  (Nd-Fe-B) 

Width  :  1/2  in 

Thickness  :  2  x  width 

Residual  magnetization  :  10500  G 

Load 

1.0, 1.2, 1.5N/baII 

Speed 

2000,  4000  rpm 

Machine  Tool  and  Spindle  Used 

Bridgeport  CNC  Milling  Machine 

PI  Air  Bearing  Spindle 
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TABLE  II  TEST  DETAILS 


Test 

Time, 

min 

Abrasive 

Type 

Abrasive 
Size,  |xm 

Speed, 

rpm 

Load, 

N/ball 

Spindle 

Remarks 

EH 

0 

- 

- 

Stage  1 

B 

135 

B4C 

30 

4000 

1.0 

CNC 

C 

270 

B4C 

30 

4000 

1.0 

CNC 

D 

315 

B4C 

30 

2000 

1.0 

PI 

Stage  2 

E 

360 

B4C 

30 

2000 

1.0 

PI 

F 

405 

B4C 

30 

2000 

1.0 

PI 

G 

495 

B4C 

10 

2000 

1.0 

PI 

Study  of 
finishing 
with  Cr203 

H 

585 

1-5 

2000 

1.0 

PI 

675 

Cr203 

1-5 

2000 

1.5 

PI 

EH 

720 

B4C 

30 

2000 

1.0 

PI 

Stage  2 

hL_ 

765 

SiC 

38 

2000 

1.0 

PI 

m 

810 

B4C 

30 

2000 

1.0 

PI 

M 

870 

SiC 

12 

2000 

1.0 

PI 

Stage  3 

N 

960 

SiC 

15 

2000 

1.0 

PI 

0 

1060 

SiC 

15 

2000 

1.0 

PI 

m 

1180 

SiC 

1 

2000 

1.0 

PI 

1270 

Cr203 

1-5 

2000 

1.2 

PI 

u 


TABLE  III 

SPHERICITY  AND  MATERIAL  REMOVAL  RATE 
FOR  DIFFERENT  STAGES  OF  POLISHING 


Test 

Sphericity,  pm 

Max.  Min.  Ave. 

»■ 

244.9 

183.1 

203.4 

- 

B 

29.8 

17.4 

22.9 

1.03 

C 

14.8 

in 

11.1 

1.22 

D 

5.6 

2.5 

4.4 

1.33 

E 

5.5 

3.4 

HEBii 

1.13 

F 

2.8 

1.8 

2.0 

0.87 

G 

2.7 

1.0 

1.7 

0.02 

H 

0.01 

n 

2.3 

0.9 

1.6 

- 

n 

2.7 

1.6 

2.3 

- 

K 

2.3 

1.2 

1.5 

0.64 

L 

2.9 

1.2 

2.0 

1.23 

M 

1.8 

0.5 

1.0 

0.16 

N 

1.2 

0.7 

0.9 

0.30 

0 

mm 

1.8 

3.1 

0.30 

O 

2.3 

1.5 

1.8 

0.06 

2.0 

0.5 

1.3 
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TABLE  IV  SURFACE  FINISH  AT  DIFFERENT  STAGES  OF  POLISHING 


Test 

Surface  finish  Ra,  nm 

Min.  Ave.  Max. 

Surface  finish  Rt,  ^im 

Min.  Ave.  Max. 

G 

58.9 

64.0 

72.6 

1.55 

1.85 

2.15 

H 

63.7 

66.6 

70.9 

0.74 

0.89 

1.04 

■1 

29.1 

35.0 

38.4 

0.45 

0.67 

1.01 

N 

118.0 

133.2 

156.7 

1.29 

1.85 

1.50 

P 

42.6 

46.2 

50.8 

0.41 

0.45 

0.46 

Q 

16.6 

24.6 

39.8 

0.28 

0.38 

0.54 

16 


DRIVE  SHAFT 
ACRYLIC  GUIDE  RING 

MAGNETIC  FLUID  AND 
ABRASIVES 

URETHANE  RUBBER 
CERAMIC  BALLS 
ACRYLIC  FLOAT 

ALUMINIUM  CHAMBER 

MAGNETS 

STEEL  BASE 


Figure  1  (a)  Schematic  of  the  magnetic  float  polishing  apparatus 
showing  the  permanent  magnets  at  the  base. 
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n  (M-H)  curve  for  the  ferrofluid 


Roundness  206.35  |inn 

Figure  3  (a)  TalyRond  roundness  trace  of  an  as-received  ball 
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Figure  3  (b)  TalyRond  roundness  trace  of  a  polished  ball  after  Test  1 

Speed  :  2000  rpm,  Load  ;  1 .5  N/ball,  Abrasive  :  1-5  pm  Cr203 
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0.50  |im 


Figure  3  (c)  TalyRond  roundness  trace  of  a  polished  ball  after  Test  Q 

Speed  :  2000  rpm,  Load  :  1.2  N/ball,  Abrasive  :  1-5  pm  Cr203 


Roundness  29.65  |im 


Figure  4  (a)  TalyRond  roundness  trace  of  a  polished  ball 

Test  B,  Speed  4000;  Load:  1  N/ball;  Abrasive:  17  urn  B4C 


Figure  4  (b)  TalyRond  roundness  trace  of  a  polished  bail 

Test  C.  Speed  4000;  Load:  1  N/ball;  Abrasive:  17  B4C 
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Figure  4  (c)  TalyRond  roundness  trace  of  a  polished  ball 

Test  D,  Speed  2000,  Load:  1  N/ball ;  Abrasive:  17  pm  B4C 
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Figure  4  (d)  TalyRond  roundness  trace  of  a  polished  ball 

Test  E,  Speed;  2000;  Load:  1  N/ball;  Abrasive:  17  pm  B4C 
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Figure  4  (g)  TalyRond  roundness  trace  of  a  polished  ball 

Test  M,  Speed  :  2000;  Load:  1  N/ball;  Abrasive:  3  |im  SiC 
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Figure  4  (h)  TalyRond  roundness  trace  of  a  polished  ball 

Test  N.  Speed  :  2000;  Load:  1  N/ball;  Abrasive;  5  pm  SiC 
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Figure  4  (i)  TaiyRond  roundness  trace  of  a  polished  ball  after  Test  P 
Speed  :  2000  rpm,  Load  :  1  N/ball,  Abrasive  :  1  pm  SiC 
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Figure  4  (j)  TaiyRond  roundness  trace  of  a  polished  ball  after  Test  Q 

Speed  :  2000  rpm,  Load  ;  1.2  N/ball.  Abrasive  :  1-5  pm  CraOs 


Figure  5  (a)  Talysurf  surface  roughness  trace  of  a  polished  ball 

Test  G,  Speed:  2000;  Load:  1  N/ball;  Abrasive:  1-2  pm  B4C 
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Figure  5  (b)  Talysurf  surface  roughness  trace  of  a  polished  ball  after  Test  H 
Speed  :  2000  rpm,  Load  :  1  N/ball,  Abrasive  :  1-5  pm  Cr203 
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Figure  5  (c)  Talysurf  surface  roughness  trace  of  a  polished  ball  after  Test  I 
Speed  :  2000  rpm,  Load  ;  1.5  N/ball,  Abrasive  :  1-5  urn  Cr203 
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Figure  5  (d)  Talysurf  surface  roughness  trace  of  a  polished  ball  in  Test  N 
Speed  2000;  Load:  1  N/ball;  Abrasive:  5  jim  SiC 
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Figure  5  (e)  Talysurf  surface  roughness  trace  of  a  polished  ball  after  Test  P 
Speed  :  2000  rpm,  Load  :  1  N/ball.  Abrasive  :  1  pm  SiC 
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Figure  5  (f)  Talysurf  surface  roughness  trace  of  a  polished  ball  after  Test  Q 
Speed  :  2000  rpm,  Load  :  1 .2  N/ball,  Abrasive  ;  1  -5  pm  Cr203 
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2YGO  plot  of  a  polished  ball  used  in  Test  Q 
speed  2000,  1.2  N/ball,  1-5  pm  chromium  oxide 
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Figure  8  Diameter  distribution  of  the  finished  balls 
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ABSTRACT 

Magnetic  float  polishing  is  a  new  technique  developed  for  efficient  finishing  of  advanced 
ceramics.  The  equipment  for  this  application  thus  far  has  been  developed  on  the  basis  of 
empirical  designs  and  trial  and  error  experimental  approach  which  can  be  costly  and  time 
consuming.  In  the  work  reported  here  both  analytical  (FEM  simulation)  and  experimental 
approaches  were  taken  to  determine  such  design  parameters  as  the  variation  of  magnetic  float 
stiffness  with  buoyant  force  and  variation  of  buoyant  force  with  the  gap  between  the  magnet  and 
the  float.  The  agreement  between  the  experimental  and  analytical  results  is  found  to  be  excellent. 
Consequently,  it  is  possible  to  simulate  different  designs  without  actually  building  different 
equipment  for  the  performance  evaluation.  Also,  the  effect  of  ball  circulation  speed  in  magnetic 
float  polishing  is  discussed  qualitatively  for  assessing  the  conditions  for  high  removal  rates  and/or 
best  finish.  Such  an  approach  can  facilitate  the  development  of  operating  conditions  maps  for 
magnetic  float  polishing. 


INTRODUCTION 

Finish,  accuracy,  and  surface  integrity  of  the  parts  produced  by  conventional  machining 
(i.e.  tool  harder  than  the  work  piece)  depend  on  the  machine  tool  system,  namely,  the  machine 
tool,  cutting  tool,  workpiece,  cutting  conditions,  and  cutting  fluid.  For  accomplishing  higher 
removal  rates  or  higher  surface  finish,  the  machine  tools  need  to  be  rigid,  free  from  quasi-static 
errors  (deflections)  as  well  as  dynamic  errors  (chatter  or  vibration),  and,  workpiece  and  tooling 
errors.  Often  it  is  difficult  to  build  economically  machine  tools  that  are  extremely  rigid,  vibration 
free,  and  error  free.  With  the  introduction  of  many  difficult-to-machine  materials,  such  as 
hardened  steels,  and  nickel-,  cobalt-  and  titanium-based  superalloys  oscillations  in  the  cutting 
process  (cyclic  variation  of  forces)  have  become  inherent  to  the  cutting  process  (cyclic  chip 
formation)  and  can  not  be  modified  significantly  by  the  machine  tool  system.  Also,  with  the  advent 
of  advanced  materials,  such  as  ceramics  and  composites,  very  few  cutting  tool  materials  (including 
diamond  and  cubic  boron  nitride)  with  geometrically  defined  edges  are  capable  of  material 
removal.  Ceramics  and  glasses  are  brittle  and  failure  of  parts  made  from  these  materials  are 
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initiated  by  cracks  formed  during  machining  as  well  as  by  other  defects  In  these  materials.  To 
minimize  the  damage  due  to  machining,  it  is  necessary  to  process  them  under  'gentle'  conditions, 
i.e.  very  low  forces.  While  improved  machine  tools  will  certainly  facilitate  In  reducing  deflections 
and  chatter,  need  arises  for  controlling  the  force.  Also,  the  finishing  operation  has  to  be 
economically  attractive.  This  has  led  to  the  introduction  of  non-traditional  machining  where  the 
cutting  process  is  aided  by  a  secondary  energy  source.  For  example,  in  ultrasonic  grinding,  the 
material  removal  operation  is  facilitated  by  the  vibratory  action.  Similarly,  in  laser  assisted 
machining,  a  laser  compliments  the  cutting  action. 

Magnetic  field  assisted  polishing  is  one  such  non-conventional  machining  technology  in 
which  the  cutting  force  is  controlled  by  the  magnetic  field.  As  a  machine  tool  technology  for  finish 
polishing,  it  essentially  accomplishes  the  task  without  the  need  for  designing  expensive,  rigid, 
ultra-precision,  vibration  free,  and  error  free  machine  tools.  This  new  technology  can  be 
incorporated  into  existing  conventional  machine  tools,  thereby  minimizing  the  cost  of  new 
equipment.  The  process  can  thus  be  very  effective  and  economical.  However,  the  design 
parameters  are  not  established.  In  this  paper  some  of  the  design  parameters  of  importance  to 
magnetic  float  polishing  are  evaluated  analytically  and  verified  experimentally. 

MAGNETIC  FIELD  ASSISTED  POLISHING  OF  ADVANCED  CERAMICS 

It  is  somewhat  difficult  by  conventional  grinding  and  polishing  techniques  to  finish  cost 
effectively  advanced  ceramics  and  glasses,  such  as  silicon  nitride,  silicon  carbide,  and  aluminum 
oxide,  and  at  the  same  time  to  meet  the  requiremerrts  of  high  finish,  high  accuracy,  and  presence 
of  minimal  surface  defects,  such  as  cracks.  This  has  necessitated  the  development  of  an  alternate 
manufacturing  technology,  namely,  magnetic  field  assisted  polishing.  There  are  two  types  of 
magnetic  field  assisted  polishing  techniques  -  one  for  finishing  rollers,  known  as  magnetic 
abrasive  finishing  and  the  other  for  finishing  balls,  known  as  magnetic  float  polishing,  the  subject 
of  this  paper.  It  may  be  noted  that  the  later  process  is  also  termed  as  magnetic  fluid  grinding  [8] 
although  in  this  paper  we  prefer  to  use  the  term  magnetic  float  polishing.  The  salient  features  of 
the  magnetic  float  polishing  technique  are  the  following  :1)  very  high  finish  and  accuracy  can  be 
obtained:  2)  Very  little  or  no  surface  damage,  such  as  microcracks,  is  imparted  to  the  ceramic  parts 
during  the  finishing  operation  due  to  extremely  low  level  of  forces,  3)  Finishing  operation  can  be 
significantly  faster  than  by  conventional  techniques.  This  is  due  to  higher  spindle  speeds 
possible  by  this  technique,  4)  Small  batches  can  be  processed.  Small  batches  of  ceramic  balls 
can  be  polishing  by  this  process,  unlike  in  conventional  polishing  where  a  large  number  is 
required  for  alignment  and  accuracy  requirements.  The  number  of  balls  used  depends  on  the 
Size  of  the  balls  and  5)  Fewer  polishing  steps  are  needed.  The  balls  can  be  processed  from  the 
rough  to  finished  state  in  one  operation  by  varying  the  strength  of  the  magnetic  field  intensity.  It 
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is.  therefore,  not  necessary  to  change  the  polishing  machines  for  roughing  and  finishing  or  clean 
the  bails  during  the  polishing  cycle. 

Although  the  magnetic  field  assisted  polishing  concept  was  originated  in  the  U.S.,  it  was 
in  the  former  U.S.S.R.  (Baron  and  his  associates  [1-5])  and  Bulgaria  (Mekedonskf  and  his 
associates  [6])  that  much  of  the  developments  took  place  after  World  War  II.  These  researchers 
have  shown  that  the  technique  can  be  applied  for  a  wide  range  of  products.  In  the  80's,  the 
Japanese  researchers  (chiefly,  Professor  Kato  and  his  associates  at  Tohoku  University  [7-10],  and 
Dr.  Shinmura  and  his  associates  at  Utsunomia  University  [11-14])  followed  this  work  and  began 
research  for  finish  polishing  applications.  Several  ceramic  companies  in  Japan,  including,  Toshiba 
are  actively  working  in  this  area.  Studies  are  also  underway  in  the  U.K.  (Childs  et  al  [15,17,18]) 
and  in  the  U.S.  at  Oklahoma  State  University  under  ARPA  and  NSF  support. 

In  the  following,  magnetic  field  assisted  polishing  technique  for  finishing  ceramic  balls  will 
be  briefly  reviewed. 

MAGNETIC  FLOAT  POLISHING  OF  CERAMIC  BALLS 

Magnetic  float  polishing  of  ceramic  balls  was  developed  recently  in  Japan  by  Kato  et.  al  [7- 
10]  to  rapidly  finish  (in  a  few  hours)  ceramic  balls  in  small  batches  of  ten  to  a  hundred.  The 
polishing  operation  in  this  process  occurs  due  to  the  magnetic  levitational  force.  The  process 
works  on  the  basis  of  the  magneto-hydrodynamic  behavior  of  a  magnetic  fluid  that  can  float  non¬ 
magnetic  abrasives  suspended  in  it.  The  process  is  considered  highly  effective  for  finish 
polishing  because  a  levitational  force  is  applied  to  the  abrasives  in  a  controlled  manner.  The 
forces  applied  by  the  abrasives  to  the  part  in  this  process  are  extremely  small  (about  1  N  or  less  per 
ball).  The  time  required  to  finish  the  balls  to  the  same  accuracy  (or  better)  by  this  technique  is  at 
least  an  order  of  magnitude  faster  than  by  conventional  polishing  techniques.  Consequently,  this 
technique  can  be  extremely  cost  effective  and  viable  for  the  manufacture  of  ceramic  balls. 

Figure  1  (a)  is  a  schematic  diagram  and  Figure  1  (b)  is  a  photograph  of  the  magnetic  float 
polishing  apparatus  showing  permanent  magnets  located  at  the  base  of  the  apparatus.  The 
magnets  are  located  with  alternate  N  and  S  poles  underneath  the  float  chamber.  A  guide  ring  is 
mounted  on  top  of  the  float  vessel  to  contain  the  magnetic  fluid.  Magnetic  fluid  containing  fine 
abrasive  particles  is  filled  in  the  chamber.  The  ceramic  ball  blanks  are  held  in  a  3-point  contact 
between  the  float  at  the  bottom,  guide  ring  on  the  side,  and  a  top  plate  connected  to  the  shaft  at 
the  top.  The  shaft  is  connected  to  the  spindle  of  the  Bridgeport  CNC  milling  machine  which  is 
capable  of  operating  in  the  speed  range  of  60  -  6,000  rpm.  When  a  magnetic  field  is  applied,  the 
ceramic  balls,  abrasive  grains,  and  the  float  of  non-magnetic  material  all  float  and  are  pushed 
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upwards  by  the  magnetic  fluid.  The  balls  are  pressed  against  the  drive  shaft  and  are  finished  by 
the  rotation  of  the  drive  shaft. 

The  magnetic  fluid  is  a  colloidal  dispersion  of  extremely  fine  (100  to  150  A)  sub-domain 
ferro-magnetic  particles,  usually  magnetite  (Fe304),  in  various  carrier  fluids,  such  as  water  or 
kerosene.  The  ferrofluids  are  made  stable  against  particle  agglomeration  by  the  addition  of 
surfactants.  When  a  magnetic  fluid  is  placed  in  a  magnetic  field  gradient,  it  is  attracted  towards  the 
higher  magnetic  field  side.  If  a  non-magnetic  substance  (e.g.,  abrasives  in  this  case)  is  mixed  in  the 
magnetic  fluid,  they  are  discharged  towards  the  lower  side.  When  the  field  gradient  is  set  in  the 
gravitational  direction,  the  non  magnetic  material  is  made  to  float  on  the  fluid  surface  by  the  action 
of  the  magnetic  levitational  force.  The  fluid  has  no  net  magnetization  because  the  magnetic 
moments  of  individual  particles  are  randomly  distributed.  Magnetically,  a  ferrofluid  is  perfectly  soft. 
When  a  magnetic  field  is  applied  to  a  ferrofluid,  the  magnetic  moments  of  the  particles  orient  along 
the  field  lines  almost  immediately  to  changes  in  the  applied  magnetic  field  (H).  When  the  applied 
field  is  removed,  the  moments  randomize  quickly.  Ferrofluids  belong  to  a  class  of  materials  defined 
as  super-magnetic.  The  magnetization  (M-H)  curve  for  the  magnetic  fluid  used  in  the  present  study 
is  given  in  Figure  2.  The  fluid  possesses  susceptibility  up  to  10^  times  greater  than  natural  liquids 
and  exhibit  saturation  magnetization  (the  maximum  possible  magnetization)  up  to  10®  A/m. 

The  chemical,  mechanical,  and  physical  properties  of  a  ferrofluid  correspond  very  closely 
to  those  of  a  carrier  fluid.  For  example,  all  commercial  ferrofluids  utilizing  organic  carrier  liquids  are 
essentially  electrically  nonconductive  and  they  have  good  lubrication  properties.  Ferrofluids  are 
strongly  affected  by  an  applied  magnetic  field.  In  a  uniform  magnetic  field,  the  particles  in  a 
ferrofluid  experience  only  torque  and  align  with  the  field.  In  a  field  with  gradient,  however,  the 
particles  experience  a  force  such  that  the  fluid  itself  responds  as  a  homogeneous  magnetic  liquid 
which  moves  to  the  region  of  highest  field.  Due  to  this,  any  non-magnetic  material,  when  placed 
in  ferrofluid  experiences  a  force  which  tends  to  expel  the  non-magnetic  body  from  the  fluid.  This 
force,  called  the  buoyancy  or  levitational  force  is  proportional  to  the  gradient  of  external  field, 
strength  of  external  field,  and  the  magnetization  of  the  fluid.  Thus,  the  balls  are  pushed,  by  the 
float,  against  the  top  plate  with  a  buoyant  force  Fb-  The  magnetic  buoyant  force  Fb  can  be 
changed  by  changing  the  gap  between  the  float  and  the  magnet,  and,  by  changing  the  magnetic 
field.  This  force  is  now  utilized  for  polishing  purposes. 

In  order  to  obtain  an  optimum  magnetic  circuit  for  this  method,  the  effect  of  support 
stiffness  of  the  float  on  removal  rate,  sphericity,  and  surface  roughness  were  investigated  by 
Umehara  et  al  [16].  They  found  that  higher  supporting  stiffness  of  the  float  results  in  an  increase 
in  the  removal  rate  and  the  rate  of  sphericity  improvement.  However,  it  also  leads  to  a  larger  value 
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of  minimum  sphericity  and  surface  roughness.  From  this,  it  appears  that  larger  supporting 
stiffness  of  the  float  is  desirable  for  rough  grinding  of  ceramic  balls.  However,  it  is  not  clear  if 
smaller  supporting  stiffness  of  the  float  facilitates  finish  polishing.  For  successful  use  of  this 
technique,  it  is  necessary  to  investigate  the  optimal  conditions  for  higher  removal  rate  and  for 
superior  finish.  However,  it  is  clear  that  the  design  of  the  magnetic  circuit  is  critical  for  obtaining 
better  polishing  characteristics. 

Childs  et  al  [17]  recently  investigated  the  mechanical  aspects  related  to  the  material 
removal  in  magnetic  fluid  grinding  of  ceramic  balls.  They  measured  the  ball  circulation  speed  to 
investigate  the  ball  motion  during  polishing.  They  calculated  the  removal  rate  by  assuming  it  to  be 
proportional  to  the  load  pressing  the  balls  on  to  the  drive  shaft  and  to  the  skidding  velocity  at  the 
drive  shaft,  in  a  manner  expected  of  an  abrasive  wear  process.  They  estimated  a  wear  coefficient 
of  0.05-0.09  from  the  experiments,  which  they  attributed  is  typical  of  a  2-body  abrasion  process. 
They  only  emphasized  the  influence  of  sliding  speed  between  the  balls  and  the  drive  shaft  on  the 
removal  rate.  For  efficient  polishing  of  high  precision  balls,  both  the  sliding  speed  and  the  rolling 
speed  between  the  ball  and  the  drive  shaft  would  be  important. 

Childs  et  al  [18]  also  analyzed  the  kinematic  motion  of  the  balls  in  a  magnetic  fluid  during 
magnetic  ffoat  polishing.  They  developed  a  relationship  between  the  drive  shaft  speed  and  the 
ball  circulation  speed  and  found  it  to  agree  reasonably  well  with  the  experimental  results.  But 
since  the  effect  of  such  a  motion  of  the  ball  on  the  polishing  characteristics  are  still  unknown,  the 
optimum  relative  motion  between  the  ball  and  the  drive  shaft  as  a  consequence  is  also  still 
unknown.  It  is  clear  from  this  that  more  polishing  studies  are  needed  for  the  determination  of 
optimum  operating  conditions  in  magnetic  float  polishing. 

THEORETICAL  ANALYSIS 

Ferromagnetic  materials  when  placed  in  a  magnetic  field  acquire  magnetic  polarization. 
The  number  of  magnetic  dipoles  per  unit  volume  of  the  material  is  known  as  the  intensity  of 
magnetization  (or  simply  magnetization),  and  is  represented  by  vector  M.  In  the  presence  of  a 
magnetizable  material,  magnetic  field  density,  B  can  be  shown  as: 

B=^ld(M-l-H)  (1) 

where  H  is  magnetic  field  intensity.  In  the  absence  of  any  electric  current  in  the  media  we  have 
according  to  Ampere's  law 

VxH  =  0  (2) 

Therefore,  from  the  divergence  theorem  there  is  a  scalar  potential  function  ([)  such  that 

H  =  V<t)  (3) 

The  relation  between  M  and  H  can  be  represented  by 
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(4) 


M  =  xH 

Where  X  is  the  magnetic  susceptibility.  For  ferromagnetic  materials,  magnetization  is  strongly  a 
function  of  H.  Substituting  Eq.  (4)  into  (1),  we  get 


B  =  [io(l+  X)H 

(5) 

According  to  Maxwell’s  equations 

VB  =  0 

(6) 

Substituting  (3)  and  (6)  into  (5),  we  get 

V[(l+  X)V(t>]  =  0 

(7) 

This  is  a  nonlinear  equation  because  X  is  a  strong  function  of  H  and  as  no  analytical  solution  is 
currently  available,  it  can  be  solved  only  numerically.  The  magnitude  of  B,  H,  and  M  can  be  found 
from  Eq.  (1),  (3),  and  (4)  respectively. 

If  an  object  is  immersed  into  the  magnetic  fluid,  the  magnetic  buoyancy  force,  Fb 
(ignoring  the  conventional  buoyancy  forces)  can  be  calculated  using  the  equation  given  by 
Rosensweig  [19]. 


Where  M,  H,  and  Mn  are  the  magnitudes  of  magnetization  M,  field  intensity  H,  and  magnetization 
normal  to  the  surface  of  the  floating  object  Mn,  respectively,  n  is  the  unit  vectors  normal  to  the 
surface  of  the  object. 

As  pointed  out  earlier,  there  is  no  analytical  solution  to  Eq.  (7),  it  can  only  be  solved 
numerically  either  through  finite  element  or  finite  difference  methods.  In  either  methods  the 
entire  domain  of  the  problem  will  be  divided  into  small  elements  by  meshing  the  domain.  The 
outputs  of  the  program  will  be  magnetic  field  H,  magnetic  flux  density  B,  magnetic  vector  potential 
A,  and  magnetic  potential,  Forces  can  be  calculated  from  Eq.  (8). 


DESCRIPTION  OF  THE  APPARATUS 

Figure  3  is  a  schematic  diagram  of  the  experimental  apparatus  for  measuring  the  magnetic 
buoyant  force.  The  buoyant  force  of  a  non-magnetic  body  immersed  in  magnetic  fluid  under  the 
magnetic  field  can  be  measured  by  the  reaction  force  of  the  magnets.  A  vessel  containing  the 
magnetic  fluid  is  placed  on  the  magnets.  The  magnetic  base  and  the  vessel  are  supported  on  a 
load  cell.  An  acrylic  resin  disk  (2  mm  thick  and  40  mm  in  diameter)  with  a  stem  held  at  a  fixed  height 
is  submerged  in  the  magnetic  fluid.  It  causes  a  reaction  on  the  load  cell  which  varies  with  the 
distance  of  the  disk  from  the  magnet.  The  reaction  force  of  the  disk  along  with  the  stem  and  that 
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with  only  the  stem  are  measured.  The  difference  between  the  forces  gives  the  buoyarrt  force  Fb 
of  a  float  disk. 

A  water-based  magnetic  fluid  (W-45)  was  used  whose  saturation  magnetization  and 
viscosity  are  0.04  T  (at  637  KA/m  of  magnetic  field  intensity)  and  7.0  x  1 0'^  Pa.s  respectively. 
Magnetic  field  is  applied  by  the  assembly  of  Sm-Co  permanent  magnets  (residual  magnetization 
0.96  T  and  coercivity  684.6  kA/m).  In  order  to  obtain  a  large  magnetic  buoyant  force,  the  magnets 
are  assembled  such  that  the  polarities  of  adjacent  magnets  are  opposite.  Three  levels  of 
magnetic  field  are  applied  by  the  assembly  of  magnets  with  three  different  widths  (am),  namely,  4 
mm,  6  mm  and  8  mm  respectively.  The  length  of  the  magnet  is  30  mm  for  all  magnets.  Height  of 
the  magnet  is  twice  the  width.  Magnetic  field  intensity  in  the  Z-direction  was  measured  using  a  Hall 
effect  sensor. 


SIMULATION  RESULTS 

Childs  and  Yoon  [15]  reported  on  the  design  of  a  magnetic  fluid  grinding  cell  (both 
theoretical  and  analytical  work)  to  develop  design  parameters.  They  used  finite  difference  (FD) 
analysis  to  analyze  the  magnetic  force  generation,  to  predict  the  depth  at  which  the  abrasives 
float,  and  to  estimate  the  force  the  float  exerts  on  each  ball,  all  with  a  view  to  develop  a 
methodology  for  the  selection  of  the  width  of  the  magnet  for  a  ball  of  a  given  diameter.  Initially,  we 
used  the  FD  technique  proposed  by  Childs  and  Yoon  [15]  to  analyze  the  process.  Unfortunately, 
due  to  limitations  of  this  technique  (compared  to  FEM)  and  the  assumptions  made  in  the  analysis, 
the  experimental  values  were  found  to  differ  significantly  from  the  analytical  values.  Figure  4  is  a 
plot  of  the  variation  of  the  buoyant  force  of  the  float  with  the  distance  from  the  magnet  by  FD  and 
FEM  analyses  respectively  for  magnets  of  6  mm  width.  It  can  be  seen  that  the  FD  analysis 
overestimates  the  buoyant  force  at  all  distances  from  the  magnet.  As  will  be  shown  later  in  this 
section,  the  FEM  analysis  agrees  well  with  the  experimental  values  thus  lending  support  to  the 
analytical  technique.  Some  of  the  reasons  for  the  discrepancy  between  the  values  obtained  by 
the  FD  and  FEM  analyses  are  the  following. 

1.  In  their  analysis  Childs  and  Yoon  assumed  the  magnets  to  be  infinitely  long  in  the  N-S 
direction.  This  gives  rise  to  the  assumption  that  flux  density  on  the  surface  of  the  magnet  is 
uniform,  and  equal  to  the  residual  magnetization  (remenence)  of  the  magnets.  Childs  and  Yoon 
also  neglected  the  internal  resistance  of  the  magnet.  Figure  5  is  a  FEM  plot  showing  the 
distribution  of  the  magnetic  flux  density,  B  (contour  map)  on  the  surface  of  the  magnet  as  well  as 
within  the  magnet.  The  maximum  values  of  flux  density  for  each  contour  are  shown  in  the  figure. 
It  can  be  seen  that  the  magnetic  flux  density  on  the  surface  of  the  magnet  is  not  constant  but 
varies  with  the  position  on  the  magnet,  namely,  maximum  of  0.5  T  at  the  interface  between  any 
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two  magnets  and  minimum  of  0.3  T  around  the  middie  of  the  magnet.  Also,  the  magnetic  flux 
density  on  the  surface  of  the  magnet  is  much  lower  than  the  remenence  (about  0.5  T  compared  to 
the  remenence  of  0.96  T).  Further,  it  can  also  be  seen  from  Figure  5  that  the  internal  resistance  of 
the  magnet  is  quite  significant  and  can  not  be  neglected. 

2.  FEM  analysis  solves  the  differential  equations  of  the  system  for  each  element,  creating 
a  piecewise  continuous  function  of  the  output.FD  analysis,  in  contrast,  approximates  the  solution 
at  the  nodes. 

3.  For  materials  with  nonlinear  properties,  as  is  the  case  in  the  present  investigation,  the 
solutions  by  both  FD  and  FEM  analyses  are  through  repeated  iteration.  Analysis  of  such  a 
nonlinear  process  by  FD  technique  requires  a  special  program  to  be  written,  which  limits  the 
complexity  of  the  problem  that  could  be  analyzed.  In  contrast,  standard  software  packages  are 
available  (such  as  ANSYS)  to  solve  complex  realistic  problems  on  a  routine  basis  using  the  FEM 
technique. 

4.  In  the  FEM  analysis  we  used  the  surface  integral  of  the  pressure  due  to  the  presence 
of  a  magnetic  field  to  compute  the  magnetic  buoyancy  forces  (Rosensweig  [19])  which  is  more 
accurate  than  computing  the  magnetic  force  per  unit  volume  as  adopted  by  Childs  and  Yoon. 

Consequently,  we  attribute  the  lack  of  agreement  between  the  values  obtained  using  the 
FD  technique  and  those  from  the  FEM  technique  or  the  experimental  results  partially  to  the 
inaccuracies  inherent  to  the  FD  technique  and  the  simplifying  assumptions  made  in  the  analysis.  It 
was,  therefore,  decided  to  conduct  FEM  simulation  studies  using  the  ANSYS  program  to  calculate 
the  buoyant  force  and  float  stiffness  in  the  magnetic  float  polishing. 

FEM  simulation  studies  were  made  using  the  ANSYS  program  to  calculate  the  buoyant 
force  and  float  stiffness  in  the  magnetic  float  polishing  for  the  apparatus  shown  in  Figure  3.  The 
geometrical  information  of  the  magnetic  float  polishing  apparatus,  such  as  the  diameter  of  the 
chamber,  float,  magnet  pole  width,  magnet  thickness,  as  well  as  the  magnetic  properties  of  the 
magnet,  such  as  residual  magnetization  and  coercive  force  for  magnet,  M-H  curve  for  magnetic 
fluid  were  provided  as  inputs  to  the  system.  A  40  mm  chamber  containing  a  2  mm  thick  float  was 
modeled.  The  magnets  were  modeled  as  having  0.96  T  residual  magnetization  and  coercivity  of 
684.6  kA/m.  Three  different  widths  of  magnet  -  4,  6  and  8  mm  were  considered.  The  length  on 
magnets  in  each  case  was  2  times  the  width.  Also,  the  number  of  magnets  was  different  for  each 
case  (15  for  4  mm  width,  12  for  6  mm  width  and  8  for  8  mm  width).  The  magnet  assembly  was 
taken  to  have  alternate  N-S  poles.  About  25  cc  of  magnetic  fluid  was  considered,  equivalent  to  20 
mm  height  over  the  magnets.  A  steel  plate  (thickness  equal  to  1/2  the  width  of  magnets)  was 
considered  placed  below  the  magnets.  The  magnetic  fluid  properties  were  input  as  B-H  table 
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based  of  the  curve  given  in  Figure  2.  Similarly,  the  B-H  table  of  the  steel  was  input.  All  non¬ 
magnetic  materials  -  float,  guide  ring  and  surrounding  air  are  assumed  to  have  permeability  of  that 
of  vacuum.  Using  this,  a  2-D  FEM  analysis  was  performed.  From  the  ANSYS  solution,  the 
magnetic  field  intensity  at  the  nodes  for  different  distances  from  the  magnet  were  obtained.  The 
buoyant  force,  Fb  was  computed  using  Eq  (8).  The  integral  in  Eq  (8)  was  computed  numerically 
using  the  field  intensities  obtained  as  above. 

For  simplicity,  it  was  assumed  that 
=  5C  Hn  Hn  <  Hsaturation 

=  Ms  Hn  >=  Hsaturation 

=  3C  H  H  <  Hsaturation 

=  Ms  H  >=  Hsaturation 

=  Ms  /  Hsaturation 

where  Hn  is  the  field  intensity  normal  to  the  surface,  H  is  the  magnitude  of  field  intensity, 
Hsaturation  is  the  field  intensity  beyond  which  the  magnetic  fluid  is  saturated,  Ms  is  the  saturation 
magnetization. 

From  the  above  computation,  magnetic  field  intensity,  Hz  and  the  buoyant  force,  Fb  for 
different  distances,  h  from  the  magnet  were  obtained.  Using  these  values,  a  functional 
relationship  between  Fb  and  h  was  obtained.  The  support  stiffness  of  the  float  was  computed  by 
differentiating  Fb  with  respect  to  h.  These  computations  were  performed  for  three  different 
widths  of  the  magnet,  am.  namely,  4  mm,  6  mm,  and  8  mm  and  the  results  are  summarized  in 
Figures  6-8. 

Figure  6  shows  the  variation  of  the  magnetic  field  intensity,  Hz  with  the  distance  from  the 
magnet,  h.  It  can  be  seen  that  the  maximum  field  intensity  occurs  very  close  to  the  magnet,  and 
drops  at  an  exponential  rate,  with  increasing  distance  from  the  magnet,  resulting  in  negligible 
values  beyond  a  distance  of  about  5  mm.  Figure  7  shows  the  variation  of  the  magnetic  buoyant 
force,  Fb  with  the  distance  from  the  magnet,  h.  It  can  be  seen  that  the  magnetic  buoyant  force  of 
the  float  decreases  with  increasing  gap  between  the  magnet  and  the  float  for  all  widths  of  the 
magnet.  It  can  also  be  seen  that  the  magnet  assembly  with  4  mm  wide  magnets  provides  a  more 
rapid  increase  In  force  with  decreasing  gap  followed  by  6  mm  and  8  mm  wide  magnets 
respectively.  This  indicates  that  the  gradients  of  these  curves  depend  strongly  on  the  width  of 
the  magnets.  This  effect  is  seen  more  clearly  in  Figure  8,  which  shows  the  variation  of  support 
stiffness  of  the  float  (i.e.  the  gradient  of  the  Fp  -  h  curve)  with  Fp.  The  support  stiffness  of  the  float 
is  seen  to  increase  linearly  with  the  buoyant  force  of  the  float.  It  is  clear  from  this  figure  that  smaller 
widths  of  the  magnet  can  provide  larger  support  stiffness  of  the  float.  It  can  also  be  seen  from 
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these  results  that  different  support  stiffness  values  of  the  float  can  be  obtained  at  the  same 
buoyant  force  by  changing  the  width  of  the  magnets. 

EXPERIMENTAL  RESULTS 

Figure  9  shows  the  magnetic  field  intensity,  Hz  above  the  center  of  a  magnet  as  a  function 
of  the  distance  from  the  magnet,  h.  On  comparing  this  with  Figure  6,  it  can  be  seen  that  the 
experimental  values  appear  to  be  consistently  higher  than  the  analytical  values.  Two  possibilities 
exist  for  the  discrepancy  :  i.  The  simulation  gives  values  at  a  point  while  the  Hall  effect  sensor 
measures  values  over  a  finite  area,  ii.  Cross  sensitivity  can  be  a  problem  with  Hall  effect  sensor 
and  one  may  not  be  measuring  exactly  the  z-component.  If  the  assumptions  made  in  the 
calculation  of  the  magnetic  field  intensity  are  appropriate  then  the  analytical  values  would  be  more 
reliable  than  the  experimental  values. 

Figure  10  shows  the  magnetic  buoyant  force,  Fp  as  a  function  of  the  distance  from  the 
magnet,  h  and  Figure  11  shows  the  relationship  between  support  stiffness  of  the  float  and 
buoyant  force,  Fp  for  different  widths  of  the  magnet,  am-  The  supporting  stiffness  of  the  float  was 
calculated  from  the  gradient  of  the  curves  in  Figure  10.  On  comparing  the  analytical  results 
obtained  using  ANSYS  (Figure  7)  with  the  experimental  results  (Figure  10),  a  good  agreement  in 
the  values  of  buoyant  force  can  be  seen  when  the  distance  of  the  float  from  the  magnet  is  larger 
than  0.5  mm.  At  distances  larger  than  0.5  mm,  the  larger  width  of  the  magnet  gives  higher  force. 
However,  at  distances  smaller  than  0.5  mm,  the  effect  is  reversed  and  smaller  widths  of  the 
magnet  gives  larger  force.  In  this  region,  the  experimental  values  are  much  larger  than  the 
theoretically  computed  values.  Very  large  magnetic  field  intensities  (much  larger  than  required  to 
cause  saturation  of  the  magnetic  fluid)  are  present  close  to  the  surface  of  the  magnet.  This 
causes  the  magnetic  fluid  to  break  down  and  agglomerate.  Higher  forces  result  when  the  float  is 
pressed  down  on  the  agglomerates.  However,  the  theoretical  analysis  assumes  that  the  magnetic 
fluid  is  homogeneous  at  all  values  of  field  intensity,  and  hence,  leads  to  lower  values  of  forces.  It 
can  be  seen  from  Figure  10  that  the  agglomeration  appears  to  be  more  pronounced  in  the  case  of 
smaller  widths  of  magnet.  A  similar  effect  can  be  observed  by  comparing  Figures  8  and  1 1 .  The 
theoretical  computation  and  experimental  estimatton  of  the  supporting  stiffness  of  the  float  are  in 
good  agreement  for  values  of  buoyant  force  less  than  about  12  N.  This  is  about  the  same  region 
where  the  agglomeration  of  magnetic  fluid  begins. 

Agglomeration  and  breakdown  of  magnetic  fluid  is  an  undesirable  effect,  which  leads  to 
lower  life  of  the  fluid.  Our  experience  is  that  the  breakdown  occurs  after  prolonged  exposure  to 
high  intensity  magnetic  field.  Also,  the  breakdown  (when  it  occurs)  is  localized  to  regions  of  high 
intensity.  Fe304  particles  agglomerate  after  breakdown  and  occupy  the  regions  of  high  field,  and 
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prevents  more  fluid  from  being  exposed  to  high  field.  The  possibility  of  breakdown  was  identified 
in  the  present  study.  However,  no  attempt  was  made  to  model  this  phenomenon  because  any 
such  analysis  would  be  complex  and  would  need  to  consider  factors  such  as  mechanism  of 
breakdown  and  constitution  of  the  magnetic  fluid.  As  any  breakdown  is  undesirable  we  have 
incorporated  a  1  mm  aluminium  sheet  on  top  of  the  magnets  which  would  shield  the  fluid  from 
exposure  to  high  field  intensities.  Further  it  is  desirable  to  determine  the  onset  and  amount  of 
agglomeration  and  produce  designs  which  will  eliminate  or  reduce  this  effect  without 
compromising  on  the  force  or  stiffness.  Work  is  currently  in  progress  to  address  this  issue. 

From  the  above  discussion  it  is  clear  that  the  theoretical  analysis  is  capable  of  reproducing 
results  of  sufficient  accuracy  to  the  experimental,  except  under  very  severe  magnetic  field 
conditions  which  can  cause  breakdown  of  the  fluid.  Thus,  the  theoretical  analysis  can  be  a 
valuable  design  tool  to  analyze  various  design  alternatives  to  optimize  force  and  stiffness.  The 
close  agreement  between  the  theoretical  and  experimental  results  allows  one  to  optimize  the 
design  parameters  analytically  before  building  the  equipment  and  testing.  This  will  result  in 
considerable  savings  in  time,  cost ,  and  efforts  needed  in  building  the  equipment  and  testing. 

DESIGN  CONSIDERATIONS 

In  the  magnetic  float  polishing  technique,  an  important  consideration  in  the  design  of  the 
apparatus  is  the  design  of  magnetic  field  itself,  namely,  the  magnetic  field  intensity  and  magnetic 
field  gradient.  This  will  govern  both  the  buoyant  force  and  the  support  stiffness  of  the  ftaat  which 
in  turn  will  control  the  static  and  dynamic  grinding  loads  per  ball.  We  believe  these  parameters  are 
directly  related  to  the  rerrxjval  rate  and  the  finish  obtainable. 

Consider  the  arrangement  shown  in  Figure  3  where  the  magnets  are  located  with 
alternate  N  and  S  poles.  With  this  type  of  magnetic  circuit,  magnetic  intensity  and  magnetic 
gradient  can  be  pre-selected  by  choosing  different  magnetic  materials  (i.e.  different  residual 
magnetic  flux  density)  and  of  different  sizes.  The  width  of  the  magnetic  pole  am  can  change  the 
magnetic  buoyant  force  of  the  float  especially  for  a  given  support  stiffness  of  the  float  as  shown  in 
Figure  11  [16].  Preliminary  experimental  results  indicate  that  the  removal  rate,  sphericity,  and 
surface  roughness  are  influenced  by  the  buoyant  force  and  the  supporting  stiffness  of  the  float. 
However,  these  experimental  results  are  inadequate  to  develop  the  overall  design  methodology. 
The  effect  of  the  supporting  stiffness  of  the  float  on  the  finish  obtainable  should  be  established 
by  surface  roughness  analysis  of  the  finished  balls. 

Thus,  some  of  the  principles  for  optimum  design  of  the  equipment  for  the  magnetic  field 
assisted  polishing  are  established.  Based  on  the  optimal  design  of  the  equipment,  optimum 
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operating  conditions  need  to  be  established  for  polishing  different  materials  (magnetic  and  non¬ 
magnetic)  and  different  geometries  (internal  and  external). 

DISCUSSION 

In  the  magnetic  float  polishing,  the  polishing  characteristics,  such  as  removal  rate, 
sphericity,  and  surface  roughness  appear  to  depend  on  the  relative  sliding  speed  and  rolling 
speed  at  the  three  contact  points,  namely,  between  the  balls  and  the  top  plate,  bottom  float,  and 
the  side  of  the  float  vessel  respectively.  However,  the  relative  contributions  of  each  of  these 
areas  to  the  removal  rate  and  finish  are  not  known.  Figure  12  shows  various  velocity  and 
geometric  components  of  the  float  polishing  apparatus  after  Childs  et  al  [17].  Below  a  certain 
drive  shaft  speed  Qs>  ball  circulation  speed  Qb  would  be  proportional  to  Qs-  Above  that  critical 
value  of  Qs’  skidding  between  drive  shaft  and  balls  would  occur  gradually.  The  ball  circulation 
speed  can  be  measured  using  the  apparatus  shown  schematically  in  Figure  13.  The  polishing 
chamber  is  similar  to  one  shown  in  Figure  1(a).  A  hole  is  drilled  in  to  the  side  of  the  guide  ring  and 
a  pin  passed  though  it,  such  that  it  will  contact  the  urethane  rubber  on  the  outside  at  the  same 
height  as  the  balls.  As  the  balls  nnove  around  the  guide  ring,  the  pin  is  moved  back  and  forth.  The 
pin  is  linked  to  a  leaf  spring,  whose  vibrations  are  measured  by  the  use  of  a  suitable  transducer 
such  as  strain  gages  or  a  LVDT.  The  vibrational  frequency  of  the  leaf  spring  is  proportional  to  the 
ball  circulation  speed.  Ball  circulation  speed  can  also  be  calculated  by  making  suitable 
assumptions  for  the  friction  coefficient  at  different  interfaces  and  fluid  drag  on  the  ball.  The 
relationship  between  ball  circulation  speed,  £2b  ^^d  drive  shaft  speed,  £2$  is  shown  in  Figure  14. 
These  results  were  measured  experimerrtally  while  polishing  a  batch  of  fourteen  12.7  mm  balls. 
The  sliding  speed.  Vs  between  drive  shaft  and  balls  can  be  defined  as  the  relative  speed  of  the 
balls  and  the  drive  shaft.  Direct  measurement  of  sliding  and  rolling  speeds  is  rather  difficult. 
Instead,  sliding  speed  Vs  can  be  calculated  using  the  following  equation  [17]  based  on  the  ball 
circulation  speed,  £2b. 


Rs^ls 


RfClb,  .  .  Rf  Qf 

1 - - (1  +  cosd  +  sin0)  -I-  — —cos6 

Rs  iQi  Rs  Cis 


(9) 


where  Rs  and  Rf  are  the  radius  of  contact  point  between  the  ball  and  the  drive  shaft,  and  between 
the  ball  and  the  float,  respectively;  Qs  'S  the  drive  shaft  speed;  Qb  'S  the  ball  circulation  speed;  Of 
is  the  float  rotational  speed,  and  6  is  the  chamfered  angle  of  the  drive  shaft. 

Assuming  a  suitable  value  for  the  ratio  Of  /  Qs>  the  sliding  speed.  Vs  can  be  calculated  by 
substituting  the  values  of  Qs<  ^s>  FIf,  0,  and  £2b-  In  Figure  15,  the  relationship  between  sliding 
speed,  Vs  and  drive  shaft  speed,  £2$  is  shown  for  the  ball  circulation  data  plotted  in  Figure  14. 
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Using  the  above  method  for  the  estimation  of  sliding  speed,  the  effect  of  sliding  speed  on 
polishing  characteristics  can  be  established  experimentally. 

In  order  to  determine  the  effect  of  rolling  speed  on  polishing  characteristics,  estimation  of 
the  rolling  speed  between  the  balls  and  the  drive  shaft  is  needed.  Rolling  velocity  can  be 
measured  by  the  same  method  as  that  of  sliding  speed  mentioned  earlier.  The  rolling  speed  can 
be  calculated  using  the  following  equation  [17]; 


ViR  —  Rsds  — 


R/Clb  +  Vf 
2 


(10) 


The  rolling  speed  Vr  can  similarly  be  calculated  by  substituting  the  values  of  Qs.  Rs.  Rf. 
0,  Qb,  and  Vs.  Using  the  above  method  for  the  estimation  of  rolling  speed,  the  effect  of  rolling 
speed  on  polishing  characteristics  can  be  determined  experimentally. 

From  these  results,  optimum  operating  conditions,  such  as  sliding  and  rolling  conditions 
can  be  established  for  obtaining  high  removal  rate,  small  sphericity  and  high  surface  finish.  Such  a 
relationship  between  operating  conditions  and  polishing  characteristics  will  enable  one  to 
develop  optimum  operating  conditions  maps  for  magnetic  field  assisted  polishing  as  shown 
schematically  in  Figure  16.  At  low  shaft  speeds  the  frictional  forces  are  sufficient  to  ensure  the 
rolling  motion  of  the  balls.  Under  such  conditions  the  material  removal  occurs  by  micro-slip.  This 
ensures  uniform  removal  of  material  from  all  points  on  the  ball  surface  leading  to  good  sphericity. 
However,  the  balls  rolling  over  the  abrasive  could  lead  to  micro-fracture  and  hence  higher  surface 
roughness.  With  increase  in  shaft  speed  the  slippage  between  the  ball  and  the  shaft  increases. 
This  ensures  higher  removal  rate.  The  surface  roughness  would  be  smaller  as  the  removal  occurs 
by  abrasion  rather  than  micro-fracture.  However,  too  large  a  slippage  implies  insufficient  rotation 
of  the  ball  and  the  material  will  be  removed  at  isolated  spots  leading  to  an  increase  in  sphericity. 
However,  there  exists  a  optimum  point  where  the  transition  from  rolling  to  rolling-sliding  (micro- 
sliding  to  macro-sliding)  occurs.  At  this  point  the  material  removal  rate  can  be  maintained  at  high 
level  without  compromising  on  finish  and  sphericity.  Such  optimum  operating  conditions  can  be 
obtained  by  making  use  of  the  Eqs.(9)  and  (10).  Also,  the  dimension  of  some  parts  of  the 
apparatus,  such  as  Rs  and  Rf,  and  contact  geometry  0  can  be  determined  from  the  design 
process. 


CONCLUDING  REMARKS 


Currently,  the  design  of  equipment  for  magnetic  float  polishing  is  arrived  empirically  by 
experimental  trial  and  error  which  is  a  costly  and  time  consuming  approach.  Need  arises  for  the 
development  of  a  design  methodology  based  on  first  principles.  Also,  If  analytical  techniques  can 
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be  developed  that  can  facilitate  the  design  and  optimization  of  the  equipment  without  actually 
constructing  different  versions  of  the  apparatus,  it  would  result  in  significant  savings  in  time  and 
cost.  Also  for  continued  application  of  advanced  ceramics  for  structural  application,  it  is  necessary 
to  develop  a  cost  effective  and  efficient  finishing  technology  that  finishes  the  surface  with  minimal 
defects.  The  analytical  work  reported  here  enables  the  machine  tool  builders  to  develop  new 
designs  for  various  applications.  Many  manufacturers  are  looking  for  alternate  finishing 
technology  to  improve  quality  and  reduce  costs.  The  magnetic  float  polishing  addresses  this 
issue  arxJ  some  of  the  principles  developed  are  expected  to  provide  the  knowledge-base  for  the 
design,  construction,  and  optimization  of  the  magnetic  field  assisted  polishing  technology. 
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Figure  1  (a)  Schematic  and  a  photograph  of  the  Magnetic  Float  Polishing  Apparatus 
&  (b)  Showing  Permanent  Magnets  Located  at  the  Base  of  the  Apparatus. 


Figure  2  Magnetization  (M-H)  Curve  for  the  Magnetic  Fluid 

Figure  3  Schematic  Diagram  of  the  Experimental  Apparatus  used  for  Measuring  the  Magnetic 
Buoyant  Force 

Figure  4  Variation  of  the  Magnetic  Buoyant  Force  on  the  Float  With  the  Distance  From  the 
Magnet,  h  (ANSYS  Simulation,  FEM)  And  Finite  Difference  (FD)  Method 

Figure  5  Contour  Map  of  the  Magnetic  Field  Density  on  the  Surface  and  Inside  the  Magnets 
by  ANSYS  Simulation 

Figure  6  Variation  of  the  Magnetic  Field  Intensity,  Hz  with  the  Distance  from  the  Magnet,  h 
(ANSYS  Simulation)  am  =  width  of  magnet 

Figure  7  Variation  of  the  Buoyant  Force  on  the  Float,  Fb  with  the  Gap  between  the  Magnet 
and  the  Float,  h  (ANSYS  Simulation) 
am  =  width  of  magnet 

Figure  8  Variation  of  Stiffness  of  the  Ftoat  with  Buoyant  Force  on  the  Ftoat,  Fb  (ANSYS 
Simulation)  am  =  width  of  magnet 

Figure  9  Variation  of  the  Magnetic  Field  Intensity,  with  the  Distance  from  the  Magnet,  h 
(Experimental  Results)  am  =  width  of  magnet 

Figure  10  Variation  of  the  Buoyant  Force  on  the  Float,  Fb  with  the  Gap  between  the  Magnet 
and  the  Float,  h  (Experimental  Results) 
am  =  width  of  magnet 

Figure  1 1  Variation  of  Stiffness  of  the  Float  with  Buoyant  Force  on  the  Float,  Fb  (Experimental 
Results)  am  =  width  of  magnet 

Figure  12  Schematic  showing  the  Velocity  and  Geometric  Components  of  the  Float  Polishing 
Apparatus  [17] 

Figure  13  Apparatus  for  Measuring  the  Ball  Circulation  Speed 

Figure  14  Variation  of  Ball  Circulation  Speed,  Qb  with  Drive  Shaft  Speed,  Qs 

Figure  15  Variation  Between  Sliding  Speed,  Vs  with  Drive  Shaft  Speed,  Qs 

Figure  1 6  Schematic  of  a  Typical  Optimum  Operating  Conditions  Map 
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Figure  1  (a)  Schematic  of  the  magnetic  float  polishing  apparatus 
showing  the  permanent  magnets  at  the  base. 


Figure  1  (b)  Photograph  of  the  magnetic  float  polishing  apparatus 
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Figure  3  Schematic  Diagram  of  the  Experimental  Apparatus  used  for 
Measuring  the  Magnetic  Buoyant  Force 


48 


0  0.5  1  1.5  2  2.5  3  3.5 

Distance  from  magnet  h,  mm 


Figure  4  Variation  of  the  Magnetic  Buoyant  Force  on  the  Float  With  the 

Distance  From  the  Magnet,  h  (ANSYS  Simulation,  FEM)  And  Finite 
Difference  (FD)  Method 
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Figure  5  Contour  Map  of  the  Magnetic  Field  Density  on  the  Surface  and  Inside 
the  Magnets  by  ANSYS  Simulation 
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Figure  6  Variation  of  the  Magnetic  Field  Intensity,  Hz  with  the  Distance  from 
the  Magnet,  h  (ANSYS  Simulation)  am  =  width  of  magnet 
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Figure  7  Variation  of  the  Buoyant  Force  on  the  Float,  Fb  with  the  Gap 
between  the  Magnet  and  the  Float,  h  (ANSYS  Simulation) 
am  =  width  of  magnet 
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Figure  8  Variation  of  Stiffness  of  the  Float  with  Buoyant  Force  on  the  Float,  Fb 
(ANSYS  Simulation)  am  =  width  of  magnet 


Figure  9  Variation  of  the  Magnetic  Field  Intensity,  Hz  with  the  Distance  from 
the  Magnet,  h  (Experimental  Results)  am  =  width  of  magnet 
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Figure  10  Variation  of  the  Buoyant  Force  on  the  Float,  Fb  with  the  Gap  between 
the  Magnet  and  the  Float,  h  (Experimental  Results) 
am  =  width  of  magnet 
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Figure  1 1  Variation  of  Stiffness  of  the  Float  with  Buoyant  Force  on  the  Float,  Fb 
(Experimental  Results)  am  =  width  of  magnet 
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Figure  15  Variation  Between  Sliding  Speed,  Vs  with  Drive  Shaft  Speed,  Qs 
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Figure  12  Schematic  showing  the  Velocity  and  Geometric  Components  of  the 
Float  Polishing  Apparatus  [1 7] 


Figure  13  Apparatus  for  Measuring  the  Ball  Circulation  Speed 
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Figure  16  Schematic  of  a  Typical  Optimum  Operating  Conditions  Map 
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SUMMARY  : 

force  d^rinqSnf  technique,  known  as  magnetic  fluid  grinding,  was  develooed  that  uses  controiied  low  ievei 


Key  words:  Polishing  ,  Ceramics.  Ferromagnetic  materials 


1.  Introduction 

In  traditional  mechanical  surface  finishing  operations,  such  as 
grinding,  lapping,  honing,  polishing,  or  buffing  a  shaped  solid  tool’such  as  a 
grinding  wheel,  a  lapping  plate  or  a  hone  is  used.  Tliese  solid  tools  are  pressed 
mechanically  Dy  a  screw,  oil  pressure  or  spring  against  the  workpiece. 
However,  when  grinding  advanced  ceramics  which  are  brittle  these 
processes  introduce  surface  defects  such  as  cracks  which  can  siqnificantiv 
reduce  the  strength  and  reliability  of  the  parts  in  service.  To  overcome  these 
proplerns  and  against  these  traditional  finishing  methods,  magnetic  field 
assisted  finishing  process  was  developed.  This  new  finishing  method  can  be 
classifieo  to  two  types.  Tne  first  one  is  magnetic  abrasive  finishing  which 
uses  a  brush  of  magnetic  abrasives  for  finishing  [11.  The  polishino 
characteristics  of  the  magnetic  abrasive  brush  can  be  altered  by  varying  the 
magnetjc  field.  The  second  type,  termed,  magnetic  fluid  grinding  uses 
magnetic  fluid  which  is  a  colloidal  suspension  of  subdomain  magnetic 
particles  in  a  liquid  carrier  [2].  Magnetic  fluid  grinding  can  also  be  expected  to 
produce  salient  finishing  properties  of  advanced  ceramics  by  ootimum 
combination  of  magnetic  fluid,  abrasive  grains,  and  magnetic  field. 

AppHcation  of  magnetic  fluid  to  surface  finishing  has  been 
investigated  originally  by  Imanaka  et  al.  [3],  followed  by  Tani  et  al.  [41.  They 
used  magnetic  buoyant  force  of  abrasive  grains  in  a  magnetic  fluid-  as  the 
grinding  force.  However,  the  magnetic  buoyant  force  of  abrasive  orains  was 
too  low  to  give  effective  removal  rate,  and  shape  accuracy  was  poorly 
controiied.  /  r  / 

To  overcome  these  problems,  a  special  element  named  'float'  was 
introduced  by  umehara  and  Kato  [5]  to  increase  the  grinding  force  and 
improve  the  shape  accuracy.  As  a  result,  the  combination  of  magnetic  fluid, 
a  float,  abrasive  grains,  and  magnetic  field  showed  to  form  a  new  practical 
grinding  method  named  [Magnetic  Fluid  Grinding." 

This  magnetic  fluid  grinding  has  been  shown  to  be  effective  in  grinding 
of  ceramic  balls  [5],  a  metal  cylinder  end,  a  ceramic  cylinder,  ceramic  rollers 
[6],  ceramic  plates  [7]  and  a  metal  pipe. 

in  the  following  sections,  the  principle  of  the  magnetic  fluid  grinding, 
design  of  the  grinding  apparatus  for  obtaining  optimum  grinding  conditions! 
and  several  examples  of  application  of  this  method  for  finishing  advanced 
ceramics  are  presented. 

2.  Principle  of  Magnetic  Fluid  Grinding 

The  starting  point  of  the  development  of  the  magnetic  fluid  grindina 
process  is  the  theory  of  ferrohydrodynamics  developed  by  Rosensweig  81 
According  to  this  theory,  a  buoyant  force  Fb  acts  on  a  non-magnetic  body 
immersed  in  a  magnetic  fluid  and  subjected  to  a  magnetic  field  as  shown  in 
Rg.1. 

According  to  this  principle,  non-magnetic  abrasive  grains  can  be 
dispersed  at  a  certain  position  in  a  magnetic  fluid  under  specially  designed 

rnagnetic  field.  Rgure  2  shows  an  example  where  abrasive  grains  are  floated 
at  a  certain  height. 

If  a  workpiece  is  submerged  and  rotated  in  the  layer  of  abrasive 
grains  as  shown  in  Fig.3(a),.the  surface  is  ground  by  free  abrasive  grains. 
But  the  removal  rate  is  found  to  be  very  low  [3,4]  since  the  total  buoyant 
force  of  abrasive  grains  is  too  small  to  accomplish  large  removal  rates. 

If  a  float  is  introduced  to  this  system  as  shown  in  Fig.3(b),  larger 
grinding  pressure  can  be  produced  since  large  buoyant  force  near  the  magnet 
pole  surface  is  transmitted  to  the  grinding  surface  of  a  workpiece. 

,  4  shows  an  example  of  grinding  pressure  P  as  a  function  of 

distance  h  of  aorasive  grain  layer  or  a  float  from  magnet.  Solid  lines  in  this 
figure  show  the  theoretical  values  of  grinding  pressure  calculated  using  the 
following  equation  developed  by  Rosensweig  [8], 

F,  =  +  \MdH  \*dS  (1 ) 

where  Fb  is  buoyant  force  of  the  non-magnetic  body,  's'  area  of  non¬ 
magnetic  body.  .110  permeability  of  free  s.oace,  'M‘  magnetization  of  maonetic 
rluid,  Mn  normal  component  of  M  to  non-magnetic  body.  'H'  the  streno'h  of 
magnetic  Tield,  and  'n'  norma!  unit  vector  to  non-magnetic  body. 
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Fig.i  Buoyant  force  acting  on  a  non-magnetic  body 
in  magnetic  fluid  with  magnetic  field 
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Fig.2  Floating  of  abrasive  grains  in  a  magnetic  fluid 
under  the  action  of  a  maonetic  field 
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Fig.3  The  principle  of  magnetic  fluid  grinding  with  and  without  a  float 
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Distance  from  magnet  h.rnm 
Fig.4  Grinding  pressure  P  as  a  function  of  distances  'h'  of 
fioating  abrasive  grain  layer  and  a  float  from  magnet 

The  lower  theoretical  and  experimental  values  show  the  grinding 
pressure  caused  by  abrasive  grains  only  and  the  higher  vaiues  show  the 
abrasive  grains  and  a  float.  The  float  has  a  square 
shape  (38mmx20mm)  and  its  thickness  is  1mm.  It  has  a  step  of  1mm 
thickness  and  a  contact  area  of  30mm2  with  the  workpiece  The  volume 
concentration  of  abrasive  grains  is  30vol%.  Magnet  is  SmCos  whose 
residual  flux  density  is  0.75  i.  A  water-based  magnetic  fluid  whose 
saturated  magnetization  was  0.4  T  at  637kA/m  was  used. 

From  Figure  4,  it  is  clear  that  the  estimated  grinding  pressure  agrees 
reasonably  well  with  the  measured  grinding  pressure.  Also,  the  grinding 
pressure  with  a  float  at  h=lmm  is  20  times  larger  than  that  without  a  float. 
It  IS  obvious  from  these  results  that  a  float  can  easily  produce  large  grindina 
pressure.  ^  ^  ^ 

The  contact  stiffness,  which  is  defined  as  the  grinding  load  divided  by 
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the  elastic  displacement  of  the  contact  surface,  can  be  calculated  from 
Fig.4  to  be  3.5x1  O^N/m  at  h=0.6mm.  In  contrast,  the  contact  stiffness  of  a 
standard  grinding  wheel  of  5mm  width  and  oolyurethane  polisher  of  1mm 
thickness  are  5-50x106N/m  [9]  and  9-12x102'N/m,  respectively.  These 
results  show  that  the  contact  stiffness  in  magnetic  fluid  grinding  is  smaller 
than  that  of  the  grinding  wheel  or  the  polyurethane  oolisher.  Therefore,  it  is 
considered  that  such  low  contact  stiffness  in  loadino  with  a  float  can 
prevent  the  workpiece  surface  from  severe  damaae  or  oeneration  of  cracks 
in  finishing  of  ceramics. 

_  The  salient  features  of  magnetic  fluid  grinding  are  the  following. 

(1)  Vibration  and  impact  that  are  produced  between  the  workpiece*"  and  the 
tool  at  high  grinding  speeds  can  be  reduced  by  the  float  which  is  flexibly 
supported  by  the  magnetic  fluid.  So.  the  system  can  ooerate  at  hiah 
speeds  (more  than  lO.OOOrpm)  for  accomplishing  high  removal  rates. 

(2)  If  the  workpiece  is  placed  in  the  floating’  abrasive  grain  layer,  abrasive 
grains  in  a  magnetic  fluid  can  be  supplied  to  the  workpiece  surface 
continuously  from  outside. 

(3)  Wear  of  abrasive  grains  is  decreased  by  the  cooling  effect  of  the 
magnetic  fluid.  As  a  result,  abrasive  grains  have  longer  life. 

(4)  All  sharp  edges  of  abrasive  grains  have  an  opportunity  to  contact  with 
the  surface  of  the  workpiecein  grinding.  Hence,  one  abrasive  grain  can 
work  more  effectively  than  that  fixed  in  a  standard  hard  grinding  wheei. 

3.  Design  of  the  apparatus  for  optimal  grinding  load,  stiffness,  and 
distribution  of  abrasive  grains 

3,1  Magnetic  field 

Childs  et  al.  [10]  have  calculated  magnetic  field  and  magnetic 
buoyant  force  of  a  float  using  a  finite  difference  method.  However,  in  their 
method,  the  physical  meaning  of  each  effect  of  magnetic  fluid  properties, 
magnet  properties,  and  geometry  of  the  apparatus  on  the  magnetic  field 
and  magnetic  buoyant  force  of  a  float  could  not  be  understood  easily.  So,  in 
this  study,  magnetic  field  and  magnetic  buovant  force  of  a  float  are 
analyzed  theoretically. 

In  order  to  obtain  a  large  buoyant  force  of  the  float  as  grinding  load, 
large  magnetic  field  gradient  as  well  as  large  magnetic  field  are  necessary. 
Most  simple  magnetic  assembly  for  satisfying  such  conditions  is  the 
assembly  of  magnets  with  opposite  polarity  in  adjacent  magnets  as  shown 
in  Fig.5.  in  the  following,  the  magnetic  field  above  such  a  magnet  assembly  is 
analyzed.  Since  ordinary  magnetic  fluid  is  a  nonconductor,  the  current 
density  is  zero  in  a  magnetic  fluid  and  a  potential  function  bi  above  the 
magnet  exists.  Such  a  potential  function  above  a  magnet  should  satisfy  the 
following  Laplace's  Equation. 

=  0  (2) 

Other  potential  function  oz  should  be  given  in  the  magnet  bv  the  foliowinn 
Laplace’s  Equation.  ^ 

VV2  =  0  (3) 

Trial  solutions  for  each  equation  may  be  written  as  follows: 


where  'a'  is  width  of  magnet. 

The  boundary  conditions  are  given  as  follows. 


(4), (5) 


1.  .  =  0  = 

2.  Z-+oo—^0\~0,  Z  =  =  O 

3.  =  02  ar  2  =  0 

4.  {Bi-B2)*n  =  Q 

where  Br  is  residua!  flux  density  of  the  magnet. 

Using  these  boundary  conditions  (6.a)-{6.e), 
can  be  written  as  follows : 


(6.a) 

(6.b).  (6.C) 

(6.d) 

(6.e) 

both  potential  functions 


= - BrB 

4 


(7), (8) 


The  two  components  of  the  magnetic  field  intensity  can  be  written  as 
follows : 


Measured  values  using  a  Hall  element  and  calculated  values  from 
Equation  (9)  above  magnet  assemblies  for  4mm,  6mm  and  8mm  of  magnet 
width  are  shown  in  Fig.6.  It  is  obvious  that,  when  residual  flux  density  Br  of 
the  magnet  is  0.75T,  the  calculated  values  agree  well  with  experimental 
values. 

3.2  Magnetic  buoyant  force  of  a  float  (Grinding  Load) 

The  magnetic  buoyant  force  Ft  of  a  non-magnetic  body  can  be 
calculated  using  Equation  (1).  Magnetization  M  of  a  magnetic  fluid  can  be 
given  by  Langevin's  function  [2].  It  means  M  is  nonlinear  related  to  magnetic 
field.  However,  in  order  to  calculate  Fb  analytically,  it  was  assumed  that 
magnetization  of  the  magnetic  fluid  is  constant  at  the  saturated 
magnetization  Ms  of  the  magnetic  fluid.  This  is  reasonable  since  magnetic 


,a. 


Fig.6  Variations  of  magnetic  field  intensity  Hz  with  distance 
from  magnet  'h'  as  a  function  of  magnet  width  'a' 


Fig.7  Variation  of  the  magnetic  buoyant  force  of  the  float  with 
distance  from  the  magnet  'h'  as  a  function  or  maonet  vridth  'a' 


Fig.8  Variation  of  the  supporting  stiffness  of  the  float  with  the  magnetic 
buoyant  force  of  the  float  as  a  function  of  the  magnet  width  'a' 
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Fig.9  Floating  distribution  of  abrasive  grains  in  a  magnetic  fluid 
with  a  magnetic  field 


field  close  to  the  magnet  is  sufficiently  strong  for  the  saturation  of  magnetic 
fluid. 

Magnetic  buoyant  force  Fo  can  be  given  by  the  following  equations; 

(11) 


Ft,  =  j  (12) 

where  Ms  is  saturated  magnetization  of  the  magnetic  fluid,  'A'  area  of  a 
float,  and  't‘  thickness  of  the  float 


I 
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Saturated  magnetization  Ms  of  the 
magnetic  i.uid,  area  of  the  rioat  'A',  residual  flux  density  3r  of  the  maonet, 


•  '^u  '  —  —  ’  "UA  ueiibuv  Dr  or  ine  maonei 

wath  OT  magnets  'a'  and  thickness  of  a  float  T  on  the  buoyant  force  6i  the 
float  can  be  round.  Equation  (12)  is  very  convenient  for  the  desian  of 
magnejic  fluid  grinding  apparatus.  A  comparison  between  caiculated  values 
using  tquation  (12)  and  the  measured  values  is  shown  in  Fig. 7.  It  shows  ihe 
calculated  values  agree  well  with  the  measured  values  over  1  5mm  of 
distarjce  h.  Under  i.5mm  of  distance  h,  measured  values  are  laraer  than 
calcutod  values  on  magnets.  Saturated  magnetization  Ms  of  rnaonetic 
I  uid  depends  ori  the  concentration  of  the  magnetic  particies  in  a  rnaonetic 
iiuid.  Under  weak  magnetic  field,  the  concentration  is  uniform  throuahout  the 
magnetic  fluid.  But.  under  high  magnetic  fields,  agglomeration  of  rnaonetic 
particles  can  occur  and  this  should  be  considered  [21,  in  this  study,  the 
agglomeration  of  magnetic  particles  is  considered  as^the  reason  for  the 
difference  between  the  calculated  and  measured  values  in  Fig  9  close  to  the 
magnet. 


3.3  Supporting  stiffness  of  the  float  (Ghndino  Stiffness) 

^  Supporting  stiffness  of  a  float  can  be  obtained  from  Eauation  fl2)  as 
follows,  \ 


(13) 

emulated  values  from  bquation(l  3)  and  measured  values  are  shown 
in  i-ig.8.  This  figure  shows  the  oroportional  relationship  between  the  buoyant 
lorce  and  the  supporting  stiffness  of  a  float.  Also  the  aradient  of  the 
stiffness  of  the  float  to  buoyant  force  depends '*on  the  magnet 
width.  This  means  a  change  in  magnet  width  can  result  in  chanae  only  or  the 
supporting  stiffness  of  the  float  under  the  same  grinding  load.  '' 

3.4  Floating  distribution  of  abrasive  grains 

Without  the  magnetic  field,  abrasive  grains  sink  to  the  bottom  of  the 
vessel  and  form  an  abrasive  grain  layer.  Magnetic  field  can  cause  the 
abrasive  gram  layer  float  in  a  magnetic  fluid.  In  magnetic  fluid  grinding  whole 
workpiece  or  main  grinding  part  of  the  workpiece  should  be  olaced  in  the 
floatmg  abrasive  grains  layer  for  obtaining  optimal  grinding  conditions.  Hence 
calculation  of  the  height  of  the  floating  abrasive  grain  layer  is  necessary  for 
design  of  the  apparatus.  ^ 

To  avoid  consideration  of  the  internal  forces  among  abrasive  grains, 
abrasive  grain  layer  is  treated  as  a  porous  block  made  of  abrasive  grains  It 
means  that  buoyant  force  of  the  non-magnetic  body,  which  has  the  same 
apparent  volume  as  the  floating  abrasive  grains  layer,  is  calculated.  The 
floating  height  is  determined  by  the  balance  between  the  rnaonetic  buoyant 
force  and  the  gravity  force.  The  abrasive  floating  layer  is  divfded  into  small 
segnents  for  the  calculation  of  buoyant  force  corresponding  to  a  magnetic 
field  and  position  in  the  x-direction.  The  height  of  each  segment  is  calculated 
using  Equation  (1).  The  floating  abrasive  grain  layer  is  obsen/ed  in  a 
transparent  glass  vessel  from  the  side.  Calculated  and  observed  heights  of 
lower  surface  of  the  floating  abrasive  layer  is  shown  in  Fig.9.  Height  of  the 
upper  surface  of  the  abrasive  grain  layer  is  calculated  from  the  condition  of 
constant  volume  of  abrasive  grain  layer.  Figure  9  shows  the  calculated 
values  agree  well  with  the  measured  values.  This  means  floating  distribution 
of  abrasive  grains  can  be  estimated  theoretically  by  this  calculation  method. 

4.  Application  of  magnetic  fluid  grinding 

4.1  Silicon  nitride  balls 

.  Figure  10  shows  a  schematic  diagram  of  the  grinding  apparatus  for 
inishing  ceramic  balls  used  for  ceramic  ball  bearing  application  [5].  Magnetic 
fluid,  float,  abrasive  grains,  as-sintered  ceramic  balls,  and  permanent 
magnets  are  arranged  as  shown  in  Fig.10.  A  float,  abrasive  grains,  and 
ceramic  balls  which  are  all  non-magnetic  materials  are  floated  in  the 
rnagnetic  fluid  by  magnetic  buoyant  force.  Bails  are  rotated  and  revolved 
aong  the  inner  wall  of  the  guide  ring  by  the  driving  shaft,  they  are  ground  bv 
the  abrasive  grains  in  the  magnetic  fluid. 

The  removal  rate  of  the  silicon  nitride  balls  (made  by  pressureless 
sintering)  increases  with  the  grinding  load  and  the  rotational  speed  of  the 
drivina  shaft.  Maximum  removal  rate  of  silicon  nitride  balls  was  12.4  um/min 
with  SiC  abrasive  grams.  This  removal  rate  is  about  40  times  larger  than 
that  by  traditional  V-groove  lapping  method.  Surface  roughness  decreased 
with  tne  decrease  in  the  mean  grain  size  of  the  abrasive  grains.  Minimum 
surface  roughness  was  0.1  fim  Rmax. 

_  Figure  1 1  shows  the  relationship  between  the  sphericity  and  the 
grinding  time  for  cases  with  and  without  a  float.  In  Fig.11,  sphericity  is  given 
by  the  difference  between  the  maximum  and  the  minimum  diameters  of  a 
pall,  and  L  is  the  mean  grinding  load.  In  the  case  without  a  float,'  sohericity  of 
the  Dalis  increase  gradually  with  grinding  time.  In  contrast,  the  sphericity  of  a 
ball  with  a  float  decreases  rapidly  with  grinding  time  and  reaches  2  am  after 
120  mm  of  grinding.  It  is  clear  from  this  that  a  float  is  indispensable  for 
finishing  balls  by  this  method  [5]. 

Figures  12and  13_spowthe_sffectof  supporting  stiffness  of  afloat  on 
ball  diameter  and  sphericity  of  silicon  nitride  bails  made  by  hot  isostatic 
pressing,  respectively.  It  can  be  seen  from  Figs.12  and  13  that  larger 
stiffness  provides  higher  removal  rate  and  quick  decreasing  rate  of 
sphericity,  and  the  smaller  stiffness  provides  smaller  minimum  sphericity. 
From  these  results,  the  importance  of  the  design  of  supporting  stiffness  of  a 
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Fig.13  Variation  of  the  mean  volume  diameter  variation  of  balls  with 
grinding  time  as  a  function  of  supporting  stiffness  of  the  float 


Table  1  Surface  roughness  and  sphericity  of  an  as-sintered  bail  and 
a  ground  ball  of  silicon  nitride  under  optimum  grinding  condition 


As-sintered 

Ground 

Optical  view 

of 

Si3N4  balls 

Ball  diameter 

7.7mm 

7.1mm 

Roughness 

1 0/xm  Rmax 

'  0.1  Atm  Rmax 

Sphericity 

r - - - - 

SOOiLtm 

0.14Atm 

Grinding  time  :  ISOmin 
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float  can  be  realized. 

Table  1  shows  grinding  properties  under  optimum  grinding  conditions. 
The  sphericity  of  the  as-sintered  balls  was  reduced  from'^SOOam  to  0.14am 
and  its  original  rough  surface  looks  shiny  after  1 80  min  of  grinding. 

4.2  Silicon  nitride  rollers 

. ^^igure  14  is  a  schematic  diagram  of  the  grinding  aoparatus  for 

finishing  ceramic  rollers  [6].  These  rollers  are  as-sinte'red  silicon  nitride  made 
under  hot  isostatic  pressure.  The  rollers  are  pressed  against  a  driving  shaft 
by  a  cylindrical  float  which  is  pushed  by  the  magnetic  buoyant  force.  As  the 
rollers  are  rotated  by  the  driving  shaft,  they  are  ground  bv  abrasive  arains  in 
the  magnetic  fluid.  The  revolution  of  the  rollers  is  prevented  by  a  roller^ holder. 

figure  15  shows  the  change  in  shape  of  the  roller  with  the  grinaing 
time.  Grinding  of  a  roller  surface  starts  from  its  edge  and  soreads  over  its 
whole  surface.  Traditional  centerless  grinding  can  not  Grind  such  a  roller  of 
irregular  shape.  But  in  this  method,  such  rollers  can  be  ground  from  initial 
stage  because  of  its  flexible  support  with  a  float. 

The  cylindricity  and  circularity  of  the  as-sintered  silicon  nitride  rollers 
were  reduced  to  one  tenth  of  their  initial  values  within  three  hours.  Maximum 
removal  rate  was  076um/min,  Minimum  cylindricity  was  22  urn.  Minimum 
circularity  was  3.18p.m  around  the  center  of  the  roller.  The  rennoval  rate  was 
found  to  be  increased  with  the  grinding  ioad  and  the  rotational  speed. 
Cylindricity  showed  a  minimum  value  at  a  certain  grinding  time. 

4.3  Alumina  plates 

Figure  16  is  a  schematic  diagram  of  the  grinding  aoparatus  for 
finishing  ceramic  plates  (25.4  mm  width  and  5mm  thickness)  [7].  The  piates 
are  aluminium  oxide  made  by  pressureless  sintering  and  are  bonded  on  three 
planetary  disks  which  are  rotated  at  the  same  rotational  speed  as  the  sun 
disk  but  in  opposite  direction  for  obtaining  uniform  sliding  distance  on  the 
alumina  plates.  The  float  has  a  step  as  shown  in  Fig.  17 

Figure  18  shows  the  effect  of  the  step  width  of  the  float  on  the  mean 
flatness  of  the  plates.  Optimum  step  width  of  the  float  provides  minimum 
flatness.  A  minimum  flatness  of  0.5  urn  is  obtained  in  the  case  of  the  float 
with  a  18mm  step  width.  The  flatness  is  thus  a  function  of  the  steo  width  of 
the  float. 

Optimum  grinding  ioad  and  abrasive  grain  size  exist  for  the  removal 
rate  and  flatness.  Observed  values  of  maximum  removal  rate,  minimum 
flatness,  and  minimum  surface  roughness  were  6.4am/min,  0.5  am  and 
0.06  umRa,  respectively. 
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Fig.  14  Schematic  diagram  of  the  magnetic  fluid  grinding  apoaratus 
for  finishing  advanced  ceramic  rciiers 
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5,  Conciusions 

(1)  A  new  method  of  finishing  advanced  ceramics,  namely,  magnetic  fluid 
grinding  with  a  float  was  developed  and  applied  to  a  variety  oT  geometry 
(balls,  rollers,  and  flat  surfaces)  and  work' materials  {alumina  and  silicon 
nitride). 

(2)  The  magnetic  fluid  grinding  apparatus  consists  of  a  combination  of 
magnetic  fluid,  a  float,  abrasive  grains,  and  suitable  arrangement  of 
magnets.  The  driving  shaft,  the  float  and  the  guide  ring  provide  the  three 
point  contact  for  the  balls. 

(3)  Magnetic  fluid  grinding  has  several  advantages  in  finishing  over 
traditional  mechanical  methods  including  grinding  and  lapping . 

(4)  Design  of  the  float,  namely,  buoyant  force  on  the  float  and  supporting 
stiffness  of  the  float,  is  especially  important  for  application  to  various 
shapes  of  workpieces  with  high  removal  rate,  good  finish,  and  accurate 
shape  control. 

(5)  Under  optima!  finishing  conditions  the  sphericity  of  the  as-sintered  silicon 
nitride  balls  was  reduced  from  500u.m  to  0.14}im  and  its  rough  surface 
appears  shiny  after  3  hours  of  grinding.  The  minimum  surface  roughness 
and  maximum  removal  rate  are  found  to  be  0.1  pm  R max  and  12.4 
pm/min,  respectively.  The  cylindricity  and  circularity  of  the  as-sintered 
silicon  nitride  rollers  were  reduced  to  one  tenth  of  their  initial  values  within 
three  hours.  Maximum  removal  rate  was  0.76pm/m(n,  minimum 
cylindricity  was  22  p.m,  and  minimum  circularity  around  the  center  of  the 
roller  was  3.1  Siam.  In  finishing  alumina  plates  the  observed  values  of 
maximum  removal  rate,  minimum  flatness,  and  minimum  surface 
roughness  were  6.4am/min,  0.5  am  and  0.06  p.mRa,  respectively. 
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ABSTRACT 

Hot  pressed  silicon  nitride  (Si3N4)  rollers  were  finished  by  magnetic  fluid 
grinding  yielding  a  surface  finish,  Ra  of  about  5  nm.  Three  types  of  abrasives  (B4C, 
SiC,  and  Cr203)  in  the  30  to  50  pm  size  range  and  three  grain  sizes  of  one  of  the 
abrasives,  namely,  Cr203  (3,  6,  and  30  pm)  were  used  to  investigate  the  effect  of 
abrasive  and  grain  size  on  the  removal  rates  and  surface  finish.  High  removal  rate 
(1.1  pm/min)  was  obtained  with  B4C  abrasive  and  high  surface  finish  (Ra  of  5  nm)  with 
Cr203  abrasive.  Magnetic  fluid  grinding  process  enables  finishing  of  the  rollers  with 
rounded  edges  (crowns)  which  may  be  ideal  for  roller  bearing  applications. 

1.  INTRODUCTION 

Hot  isostatically  pressed  (HIP'ed)  silicon  nitride  ceramic  material  (HIP-Si3N4) 
offers  many  interesting  properties  for  high-speed/high  temperature  bearing 
applications.  They  include:  1)  High  hardness  (twice  that  of  a  conventional  bearing 
steel),  2)  Hardness  not  significantly  affected  by  temperature  upto  about  1000  OC,  3) 
Good  corrosion  resistance  with  no  sacrifice  in  bearing  performance,  4)  Low  density 
(about  40%  of  a  conventional  bearing  steel)  resulting  in  reduced  centrifugal  loading  at 
high  rotational  speeds.  Hence,  silicon  nitride  bearings  can  be  used  at  higher  speeds 
(DN  value  of  3  to  10  x  10®  depending  on  whether  it  is  used  as  a  hybrid  bearing  or  as 
an  ail  ceramic  bearing)  as  compared  to  a  maximum  of  lx  10®  with  an  all  steel 
bearings),  5)  Good  fatigue  life.  Silicon  nitride,  fails  generally  by  spalling  due  to  higher 
toughness,  similar  to  steels,  while  other  ceramics  fail  catastrophically  due  to  lower 
toughness,  6)  High  Youngs  Modulus  (E)  (about  50%  more  than  a  conventional 
bearing  steel).  This  together  with  lower  density  results  in  higher  specific  stiffness  than 
conventional  bearing  steel,  7)  Non-magnetic.  Hence,  can  be  used  in  magnetic 
sensitive  instruments  that  require  non-magnetic  bearings,  8)  Low  friction  and  high 
wear  properties,  and  9)  Requires,  in  many  cases,  practically  no  lubrication  which  is 
very  valuable  for  sealed  bearings. 
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Unfortunately,  silicon  nitride,  like  the  other  advanced  ceramics,  is  hard  and 
brittle.  Hence,  it  is  rather  difficult  to  polish  by  conventional  methods  of  grinding, 
lapping,  polishing  etc.  and  requires  considerable  processing  time  (from  several  days 
to  a  few  weeks)  to  finish.  Centerless  grinding  can  also  generate  lobes  on  the  ground 
rollers.  Because  of  the  high  hardness  of  these  ceramics  diamond  abrasive  is  used 
invariably  as  the  grinding  media.  However,  diamond  grinding  wheels  are  very 
expensive.  Further,  in  view  of  the  high  hardness  of  diamond,  the  material  removal 
mechanism  with  diamond  abrasive  is  predominantly  by  abrasion  with  the  result  the 
surfaces  of  the  finished  ceramics  are  left  with  defects,  such  as  scratches,  pitting  (due  to 
dislodgement  of  grains)  which  can  affect  the  reliability  and  service  life  of  the  parts 
made  by  this  technique.  Wide  usage  or  acceptance  of  advanced  ceramics  for  bearing 
and  other  structural  applications  has  been  somewhat  limited  because  of  the  high  cost 
of  processing,  lack  of  reliability  due  to  unknown  defect  structure  generated  during 
conventional  grinding  and  finishing,  and  sometimes  limited  service  life.  For  increasing 
the  applications  of  ceramics  for  bearing  and  structural  applications  need,  therefore, 
arises  for  new  processing  technologies  that  address  these  limitations. 

To  overcome  some  of  these  problems,  Kato  and  Umehara  [1-8]  have  developed 
a  new  technique  known  as  magnetic  fluid  grinding  (also  termed  magnetic  float 
polishing).  Magnetic  fluid  grinding  utilizes  magnetic  buoyant  force  of  a  non-magnetic 
body  in  a  magnetic  fluid  effectively.  In  this  method,  grinding  load  is  applied  to  the 
ceramic  workpieces  (balls  or  rollers)  by  the  magnetic  buoyant  force  of  a  float  via  the 
abrasives  in  the  magnetic  fluid.  Hence,  the  forces  applied  by  the  abrasives  on  the 
workpiece  are  extremely  small  (1 N  per  ball  or  roller)  and  highly  controllable.  Umehara 
and  Kato  [3,4]  polished  PLS-Si3N4  (PLS:  pressure-less  sintering)  balls  by  magnetic 
fluid  grinding  and  reported  some  40  times  higher  removal  rate  than  by  traditional  ball 
lapping,  quick  reduction  of  sphericity  of  the  balls  from  500  pm  to  0.14  pm  in  about  180 
min  of  polishing,  and  comparable  surface  finish  on  the  balls  (about  0.1  pm  Rmax). 
Following  this,  they  applied  this  technique  to  different  types  of  workpieces  (geometry 
and  materials)  such  as  Si3N4  rollers  [4],  AI2O3  plates  [5],  Si3N4  rings  [6],  aluminum 
alloy  ring  [4],  and  internal  surface  of  a  steel  pipe  [7]  using  different  magnetic  fluid 
grinding  equipment  specifically  developed  for  each  of  these  applications  on  the 
principle  of  magnetic  buoyancy  [8].  Their  results  showed  that  in  all  cases  the  float 
plays  an  important  role  on  the  material  removal  mechanism  in  general  and  the 
removal  rate  in  particular.  While  much  of  the  research  on  magnetic  fluid  grinding  was 
concentrated  on  finishing  of  balls  [1-13],  very  little  effort  was  expended  on  finishing  of 
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rollers  [4].  While  significant  work  is  being  conducted  in  the  finishing  of  silicon  nitride 
rollers  by  magnetic  abrasive  finishing  using  magnetic  abrasives  [14-15],  the  focus  of 
this  paper  is  on  finishing  of  silicon  nitride  rollers  using  magnetic  fluid  grinding 
technique. 

Umehara,  Kato,  and  Nakano  [4]  developed  a  magnetic  fluid  grinding  apparatus 
for  finishing  rollers  based  on  their  experience  with  the  apparatus  for  finishing  balls. 
They  attempted  to  polish  the  as-sintered  Si3N4  rollers  whose  initial  straightness  was 
more  than  50  pm.  It  may  be  noted  that  it  would  be  rather  difficult  to  grind  rollers  of  such 
irregular  shape  directly  by  conventional  centerless  grinding  process.  But,  such 
irregular  shaped  rollers  can  be  easily  accommodated  in  magnetic  fluid  grinding 
because  of  the  flexible  support  of  the  float.  Using  this  apparatus,  Umehara  et  al  [4] 
reduced  the  straightness  and  out-of-roundness  of  the  as-sintered  silicon  nitride  rollers 
to  one  tenth  of  their  initial  values  within  three  hours.  Maximum  removal  rate  was  0.76 
pm/min,  minimum  straightness  was  22  pm,  and  minimum  out-of-roundness  at  the 
center  of  the  roller  was  around  3.18  pm.  These  results  established  the  feasibility  of 
this  method  for  rough  polishing  but  they  could  not  obtain  good  finish. 

With  the  objective  of  obtaining  good  finish  (5-10  nm  Ra)  on  Si3N4  rollers  (with 
practically  no  scratches)  and  at  the  same  time  aim  for  high  removal  rates,  different 
abrasive  materials  (and  grain  sizes)  were  used  in  this  investigation  to  study  their  effect 
on  the  surface  roughness  and  removal  rates.  A  harder  abrasive,  B4C  was  selected  for 
obtaining  higher  removal  rates  and  a  softer  abrasive,  Cr203  was  selected  for  chemo- 
mechanical  polishing  as  well  as  for  the  elimination  of  the  scratch  marks  on  the 
polishing  surface.  SiC  abrasive  was  chosen  as  an  intermediate  between  B4C  and 
Cr203  in  terms  of  hardness. 

2.  EXPERIMENTAL  APPARATUS  AND  TEST  PROCEDURE 

Description  of  the  Experimental  Apparatus; 

Figure  1  is  a  schematic  of  the  magnetic  fluid  grinding  apparatus  used  for 
finishing  ceramic  rollers  [4].  Figures  2  (a)  and  (b)  show  the  top  and  side  sectional 
views  of  the  apparatus,  respectively.  Figure  3  is  an  exploded  view  showing  the 
assemblage  of  magnetic  ring  B,  float,  rollers,  roller  holder,  and  drive  shaft  in  the  hole  of 
the  magnetic  ring  A.  Figure  4  is  a  photograph  of  the  magnetic  grinding  apparatus  for 
finishing  ceramic  rollers.  As  can  be  seen  from  Figures  1  and  2,  there  are  two  magnetic 
rings  A  and  B.  The  magnets  in  both  magnetic  rings  are  made  of  SmCos  (Residual 
magnetization:  1.2  T).  Magnetic  ring  A  comprises  of  30  individual  magnets  assembled 
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into  one  hollow  cylindrical  magnet  (inner  diameter:  95  mm,  outer  diameter:  145  mm, 
length:  60  mm).  Each  magnet  was  magnetized  in  the  radial  direction.  The  polarity  of 
adjacent  magnets  is  alternate  N  and  S.  Magnetic  ring  A  is  fixed  to  the  chamber  [as 
shown  in  Figures  2  (a)  and  3]  and  has  two  functions;  one,  to  support  the  float  in  place 
like  a  static  hydrodynamic  bearing,  and  the  other,  to  facilitate  in  concentrating  the 
abrasives  around  the  center  of  the  chamber.  Magnetic  ring  B  comprises  of  16 
individual  magnets  assembled  into  a  ring  magnet  (inner  diameter:  70  mm,  outer 
diameter:  90  mm,  and  thickness:  18  mm).  Each  magnet  in  this  ring  is  magnetized  in  the 
longitudinal  direction.  The  polarity  of  the  adjacent  magnets  in  this  ring  is  again 
alternate  N  and  S.  Magnetic  ring  B  is  fixed  to  the  cover  plate  and  pushes  the  float  in 
the  longitudinal  direction  as  the  magnetic  buoyant  force  is  applied.  The  float  then 
follows  the  inner  10-degree-tapered  surface  and  presses  it  against  rollers. 

Test  Procedure: 

Table  I  gives  details  of  the  workmaterial,  magnetic  fluid,  and  test  conditions 
used  in  this  investigation.  Eight  HIP-Si3N4  rollers  (diameter:  19  mm  and  length:  26 
mm)  were  located  on  the  roller  holder  (Figure  3)  which  acts  like  a  cage  in  a  bearing. 
The  assembly  was  then  placed  in  the  polishing  chamber  filled  with  the  magnetic  fluid 
(water-based)  and  appropriate  abrasive  (see  Table  I  for  details)  .  The  drive  shaft  is 
connected  to  the  spindle  of  a  Bridgeport  CNC  milling  machine  which  is  capable  of 
operating  in  the  speed  range  of  60  -  6,000  rpm.  The  rotation  of  the  rollers  along  the 
axis  of  the  shaft  is  prevented  by  the  roller  holder  in  order  to  obtain  high  sliding  velocity 
between  the  roller  and  the  drive  shaft  and  consequently  higher  removal  rates. 
However,  the  rotation  of  the  rollers  along  their  own  axes  is  facilitated  by  providing 
fingers  in  the  roller  holder.  This  apparatus  enables  finishing  of  eight  silicon  nitride 
rollers  simultaneously.  Depending  on  the  size  of  the  rollers,  different  roller  holders 
need  to  be  used. 

In  an  earlier  work  by  Umehara  et  al  [4],  only  SiC  abrasive  was  used  to 
demonstrate  the  feasibility  of  the  new  finishing  method  for  ceramic  rollers.  In  the 
present  study,  three  different  abrasives,  namely,  B4C,  SiC,  and  Cr203  were  used.  As 
pointed  out  earlier,  B4C  was  selected  as  a  hard  abrasive  against  HIP-Si3N4  rollers  for 
obtaining  larger  removal  rates.  Cr203,  on  the  other  hand,  was  selected  as  a  soft 
abrasive  against  the  HIP-Si3N4  rollers  so  that  the  rollers  can  be  finished  without  any 
scratch  marks.  Also,  chemo-mechanical  action  between  the  Cr203  abrasive  and  the 
Si3N4  roller  can  be  accomplished  resulting  in  a  smooth  surface  on  the  rollers  based 
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on  earlier  work  [16-17].  The  polishing  load  depends  on  the  gap  between  the  float  and 
the  magnetic  ring  B  as  shown  in  Figure  5.  It  shows  that  a  smaller  gap  provides  larger 
polishing  load.  In  the  present  study,  we  selected  very  small  load  (0.084  N/roller)  with 
the  objective  of  obtaining  very  good  surface  (Ra  5-10  nm).  Based  on  the  previous 
work  [4],  rotational  speed  of  the  spindle  and  volume  concentration  of  the  abrasive  in 
the  magnetic  fluid  were  fixed  at  1500  rpm  and  6  vol.%,  respectively  as  they  seem  to 
provide  optimum  conditions  for  polishing.  Furthermore,  in  the  present  study,  in  order 
to  polish  ceramic  rollers  uniformly  in  the  longitudinal  direction,  the  drive  shaft  was 
given  a  sinusoidal  oscillation  (frequency:  0.2  Hz  and  amplitude:  5  mm)  during 
polishing  through  the  NC  control  of  the  machine  tool. 

Removal  volume  and  removal  depth  were  calculated  from  the  difference  in 
weights  of  the  roller  before  and  after  polishing.  Surface  profiles  in  the  longitudinal 
direction  of  the  eight  rollers  were  obtained  using  a  Form  TalySurf  surface  profilometer. 
From  the  surface  profiles,  surface  roughness  Ra  of  the  eight  rollers  were  measured 
and  the  average  value  of  their  Ra  was  used  as  a  representative  value  of  surface 
roughness,  Ra.  Straightness  and  out-of-roundness  of  the  rollers  were  measured 
before  and  after  polishing  using  Form  TalySurf  and  TalyRond,  respectively. 
Straightness  is  defined  as  the  difference  in  height  between  the  peak  (or  highest  point 
and  the  valley  (lowest  point)  of  the  entire  surface  profile  in  the  longitudinal  direction  of 
the  roller. 

3.  EXPERIMENTAL  RESULTS 

3.1  Variation  of  the  Removal  Volume  and  Surface  Roughness  With 

Polishing  Time: 

Figure  6  shows  the  variation  of  removal  volume  (or  removal  depth)  with 
polishing  time.  It  may  be  noted  that  the  polishing  conditions  used  are  also  given  in  the 
figures.  It  can  be  seen  from  Figure  6  that  the  removal  volume  (or  removal  depth) 
increases  linearly  with  polishing  time  up  to  about  60  min  of  polishing  time  and  further 
increase  in  the  polishing  time  leads  to  a  decrease  in  the  removal  rate  (lesser  slope) 
perhaps  due  to  the  breakdown  of  the  abrasive. 

Figure  7  shows  the  variation  of  surface  roughness,  Ra  (average  values  for  eight 
rollers)  with  polishing  time.  The  scatter  bands  of  surface  roughness  are  also  shown  for 
the  eight  rollers  at  each  polishing  time  to  show  the  statistical  nature  of  the  polishing 
process.  It  can  be  seen  from  Figure  7  that  initially  the  average  value  of  surface 
roughness  of  the  eight  rollers  decreases  rapidly  with  polishing  time  followed  by  a 
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gradual  decrease  with  further  increase  in  polishing  time  reaching  a  value  of  0.029  pm 
(Ra).  Also,  the  size  of  the  scatter  band  of  the  surface  roughness  also  decreases  with 
increase  in  polishing  time. 

3.2  Effect  of  the  Abrasive  Materials  on  Removal  Rate  and  Surface 

Roughness 

Three  abrasives,  namely,  Cr203,  SiC,  and  B4C  in  the  30-50  pm  range  were 
used  for  comparison  in  magnetic  fluid  grinding  of  silicon  nitride  rollers.  Figures  8  (a) 
and  (b)  show  the  effect  of  abrasive  material  on  the  removal  rate  and  surface 
roughness,  respectively.  It  may  be  noted  that  the  grain  size  of  the  three  abrasives  is 
slightly  different.  Figure  8  (a)  shows  that  the  removal  rate  is  influenced  by  the  type  of 
abrasive  material  used.  The  removal  rate  increases  in  the  order  of  increasing 
hardness  of  the  abrasive  used,  namely,  Cr203,  SiC,  and  B4C.  Also,  a  fraction  of  this 
increase  can  be  attributed  to  larger  grain  size  used  in  the  case  of  B4C.  Also,  from 
Figure  8  (b)  it  can  be  seen  that  Cr203  generates  the  best  finish  (lowest  surface 
roughness)  compared  to  B4C  and  SiC.  This  improvement  in  surface  roughness  with 
Cr203  can  be  attributed  to  the  lower  hardness  of  the  abrasive  as  well  as  chemo- 
mechanical  polishing  ability  of  this  abrasive  when  finishing  silicon  nitride  [16-17], 

3.3  Effect  of  the  Abrasive  Size  on  the  Removal  Rate  and  Surface 

Roughness 

In  the  previous  section,  we  showed  that  among  the  three  abrasives  used,  Cr203 
gave  the  best  finish.  Since  we  are  interested  in  obtaining  the  best  finish,  we 
investigated  the  effect  of  Cr203  abrasive  size  on  the  removal  rate  and  surface  finish. 
Figure  9  shows  the  effect  of  the  abrasive  size  on  the  removal  rate  and  surface 
roughness  after  polishing  for  30  minutes.  It  can  be  seen  from  Figure  9  that  removal 
rate  increases  linearly  with  increase  in  grain  size.  However,  the  surface  finish 
improves  rapidly  with  a  decrease  in  grain  size  [for  small  grain  size  (3-10  pm)]  with  a 
gradual  deterioration  of  surface  finish  with  further  increase  in  grain  size.  Figures  10 
(a)  to  (c)  show  the  surface  profiles  (TalySurf  traces)  of  the  silicon  nitride  rollers  form  the 
as-received  condition  to  the  finished  state.  It  can  be  seen  that  the  surface  roughness, 
Ra,  has  improved  from  1.6  pm  to  4.9  nm  with  the  Cr203  abrasive  (7  and  3  pm  grain 
sizes)  after  a  total  polishing  time  of  90  minutes. 

3.4  Variation  of  Straightness  Before  and  After  Polishing 

Figures  11  (a)  and  (b)  show  profiles  in  the  longitudinal  direction  of  a  roller 
before  and  after  polishing.  Similar  results  were  obtained  with  the  other  seven  rollers 
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polished  in  this  batch  by  magnetic  fluid  grinding  technique.  We  have  also  polished 
another  batch  of  rollers  yielding  similar  results.  It  can  be  seen  from  Figure  1 1  that  the 
rollers  polished  by  this  technique  provide  slightly  rounded  edges  with  a  minimum 
value  of  straightness  of  about  10  pm  over  its  length.  A  similar  feature  was  observed  in 
an  earlier  study  [4]  where  a  minimum  value  of  straightness  was  found  for  a  certain 
grinding  time.  This  feature  seems  to  be  a  characteristic  of  the  process  as  this  process 
polishes  both  the  face  as  well  as  the  sides  leading  to  rounded  edges.  This,  however, 
may  be  considered  as  an  advantage  (and  not  a  limitation)  with  this  process  as  most 
rollers  for  bearing  applications  have  similar  geometries  imposed  by  the  designer  to 
prevent  stress  concentrations  at  the  contact  surface.  So.  a  secondary  operation  is 
needed  to  provide  this  crown  on  the  rollers  by  conventional  grinding  technique. 

Figure  12  is  a  section  of  a  roller  bearing  along  with  details  of  the  crown  for  a 
silicon  nitride  (7.5  mm  x  7.5  mm)  rolling  element  and  Table  2  is  a  summary  of  the 
design  features  of  a  silicon  nitride  bearing  after  Miner  et  al  [18].  The  shape  of  the 
crown,  however,  depends  on  the  size  of  the  roller  as  well  on  the  application  of  the 
bearings.  In  magnetic  fluid  grinding  such  a  crown  can  be  incorporated  on  the  roller  in 
the  polishing  stage  without  the  need  for  a  separate  operation. 

3.5  Variation  of  Out-of-Roundness  Before  and  After  Polishing 

Figures  13  (a)  and  (b)  show  the  roundness  profiles  before  and  after  polishing.  It 
can  be  seen  from  Figure  13  that  the  out-of-roundness  of  the  roller  has  improved  from 
16.65  pm  before  polishing  to  4.25  pm  after  polishing.  Improvement  in  out-of-roundness 
appears  to  be  partly  responsible  for  the  improvement  in  surface  roughness  obtained  in 
this  investigation. 

4.  DISCUSSION 

4.1.  Effect  of  Hardness  Ratio  (Ha/Hm)  of  Abrasive  to  the  Roller 

(Workpiece)  on  Removal  Rate 

To  further  analyze  the  effect  of  abrasives  on  the  removal  rate  and  surface 
roughness,  the  data  in  Figures  8  (a)  and  (b)  was  rearranged  using  the  hardness  ratio 
of  the  abrasive  to  the  roller  workpiece  (Ha/Hm)  as  a  basis.  It  may  be  noted  that  in 
many  studies  on  abrasive  wear,  the  hardness  ratio  is  considered  as  an  important 
parameter  [19-21].  Figure  14  shows  the  effect  of  hardness  ratio  of  abrasive  to  the 
roller  workpiece  (Ha/Hm)  on  the  removal  rate  and  surface  roughness.  It  can  be  seen 
from  Figure  14,  the  removal  rate  increases  with  the  hardness  ratio  (Ha/Hm)-  Based  on 
experimental  data,  Rabinowicz  [11]  has  shown  that  the  wear  coefficient  (defined  as  the 
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wear  volume  multiplied  by  the  hardness  of  the  specimen  and  divided  by  the  product  of 
load  and  the  sliding  distance)  is  strongly  influenced  by  the  hardness  ratio  (Ha/Hm  )• 
The  wear  coefficients  are  shown  (a)  for  values  of  Ha/Hm  larger  than  1 .25  to  be  a 
constant;  (b)  .for  values  of  Ha/Hm  in  the  range  of  0.8  to  1.25  to  be  proportional  to 
(Ha/Hm)^-®:  and  for  values  of  Ha/Hm  less  than  0.8  to  be  proportional  to  (Ha/Hm)®. 
respectively.  In  the  present  investigation,  since  the  hardness  ratios  (Ha/Hm)  of  both 
B4C  and  SiC  are  larger  than  1 .25,  both  wear  coefficients  should  have  the  same  value 
based  on  Rabinowicz's  theory.  In  the  present  study,  the  removal  rate  was  used  as  an 
indicator  of  the  polishing  ability  of  each  abrasive.  Because  of  small  removal  depth 
(compared  with  the  radius  of  roller),  it  can  be  considered  that  the  removal  rate 
(^m/min)  is  proportional  to  the  volumetric  removal  rate  (  mm^/min).  If  the  contact  load 
and  sliding  velocity  of  the  roller  (between  the  driving  shaft  and  roller)  under  different 
abrasives  are  assumed  to  have  the  same  value,  then  the  removal  rate  (pm/min)  can  be 
considered  to  be  proportional  to  the  wear  coefficient.  As  can  be  seen  from  Figure  12, 
the  removal  rate  with  B4C  is  much  larger  than  that  with  SiC.  Plausible  reasons  for  the 
observed  differences  in  the  removal  rates  between  B4C  and  SiC  can  be  attributed  to 
(a)  the  use  of  larger  size  B4C  abrasiveand  (b)  higher  hardness  of  B4C  than  SiC.  For 
the  case  of  Cr203  abrasive,  as  the  hardness  ratio  (Ha/Hm)  is  about  1 .1 ,  the  scratching 
ability  (abrasion)  of  Cr203  abrasive  can  be  considered  relatively  low.  This  means  the 
tips  of  the  Cr203  abrasives  would  be  worn  by  attrition  or  microchipping  when  Cr203 
was  used  as  a  polishing  media  for  finishing  Si3N4. 

4.2.  Effectiveness  of  Cr203  Abrasive  to  Produce  Good  Finish  on 

Si3N4 

In  an  earlier  study  on  magnetic  fluid  grinding  of  silicon  nitride  roller  polishing  [4], 
a  surface  roughness  of  0.2  pm  (Ra)  was  obtained  with  a  SiC  abrasive  (grain  size  38 
pm).  In  this  investigation,  we  were  able  to  improve  the  surface  finish  to  5  nm  Ra  with 
Cr203  abrasive  (grain  size  3  pm).  The  surfaces  generated  on  the  silicon  nitride  rollers 
were  practically  scratch-free.  From  this,  Cr203  abrasive  can  be  considered  as  an  ideal 
abrasive  for  polishing  HIP-Si3N4  rollers.  It  can  be  argued  that  the  effectiveness  of 
Cr203  is  related  to  the  chemo-mechanical  reaction  possible  between  the  Cr203 
abrasive  and  Si3N4  roller  material  based  on  several  previous  literature  [16-17]. 

4.3.  Comparison  of  Roller  Characteristics 

Table  3  gives  a  comparison  of  results  obtained  from  an  earlier  study  [4]  with 
those  of  the  present  investigation.  It  may  be  noted  that  the  rollers  used  in  the  earlier 
investigation  were  sintered  material  while  in  the  present  investigation  we  have  used 
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HIP-Si3N4  which  is  much  denser  and  hence  harder  to  finish.  On  examining  Table  3,  it 
can  be  noted  that  (a)  the  removal  rate  obtained  in  the  present  study  is  higher,  (b)  there 
is  a  significant  improvement  in  straightness,  and  (c)  more  importantly  a  significant 
improvement  on  the  finish.  While  the  Rmax  is  the  previous  study  was  2  pm,  in  the 
present  study  it  was  brought  down  to  0.091  pm  with  a  minimum  Ra  of  5  nm.  For 
bearing  applications  it  is  desirable  to  obtain  finish  of  this  magnitude  on  the  rollers. 

5.  CONCLUSIONS 

HIP-Si3N4  rollers  were  polished  successfully  using  the  magnetic  fluid  grinding 
technique.  In  order  to  improve  the  surface  finish  over  what  was  obtained  in  an  earlier 
investigation  and  of  acceptable  quality  for  bearing  applications  different  abrasives 
(SiC,  Cr203  and  B4C)  in  the  size  range  of  30-50  pm  were  investigated.  Based  on  this 
investigation  the  following  specific  conclusions  can  be  reached. 

1.  Cr203  abrasive  (grain  size:3  pm)  gave  a  surface  finish  Ra  of  5  nm  on  HIP'ed 
Si3N4  rollers. 

2.  The  surface  finish  improved  with  decrease  in  grain  size  of  Cr203  abrasive. 

3.  Surface  finish  Ra  improved  in  the  order  of  B4C,  SiC  and  Cr203  abrasives. 

4.  B4C  abrasive  (grain  size:50pm)  gave  the  largest  removal  rate  of  1 .1  pm/min. 

5.  Rollers  polished  by  this  technique  provides  slightly  rounded  edges  on  the 
rollers.  This,  however,  may  be  considered  as  an  advantage  (not  a  limitation) 
with  this  process  as  most  rollers  for  bearing  applications  have  similar 
geometries  imposed  by  the  designer  to  prevent  stress  concentrations  at  the 
contact  surface.  There  is  hence  no  need  for  a  secondary  operation  to  provide 
the  crowns  on  the  rollers. 
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TABLE  I :  SPECIFICATION  OF  MATERIALS  AND 
EXPERIMENTAL  CONDITIONS 


Magnetic  fluid 


Workpiece 


Abrasives 


Concentration 


Polishing  load 


Spindle  speed 


Linear  oscillation 
of  the  shaft 


Magnets 


W-40  (Water-based) 
Saturated  magnetization: 
Density:  1.4  g/cm^ 
Viscosity:  0.014  Pas 
Carrier  Fluid:  water 


400  G  at  8  KOe 


HIP-SisNa  (<1)19  X  26)  rollers 
Density:  3.2  g/cm3 
Strength:  100  kgf/mm2 
Youngs  Modulus:  290  GPA 
Hv:  1677  Kgf/mm2 
Kic:  7.9  MN/m3/2 
No  of  rollers:  8 


B4C(#320) 

SiC(#400,  #2000) 

Cr203  (15-45  pm,  2-12  urn,  1-5  uml 


6  vol%  abrasive  +  94  vol%  magnetic  fluid 


0.084  N/roller 


1500 


rpm 


Stroke:  5  mm 
Frequency:  0.2  Hz 


SmCo5(12.7  mm  wide  x  25.4  mm  thick) 
(Resi(dual  magnetization:  1.2  T) _ 


TABLE  n-  BEARING  DESIGN  FEATURES  FOR  A 
CERAMIC  (SILICON  NITRIDE)  ROLLER 
BEARING  [18] 


Bore  diameter,  mm  (in) 

35(1.3780) 

Outer  diameter,  mm  (in) 

62(2.4408) 

Width,  mm  (in) 

17 

Element  size,  mm 

7.5006  X 

7.5006 

Number  of  Elements 

14 

Inner  Raceway  Radius,  mm 

Outer  Raceway  Radius,  mm 

Contact  Angle,  deg 

Diametral  Clearance,  mm 

0.1270 

Raceway  Roughness,  m  x  10'^ 

1  5 

Element  Roughness,  m  x  lO'^ 

7.6-10.2 

Tolerance  Specification 

RBEC5 

Raceway  Material 

AMS  6490 

Cage  Material 

AMS  6414 

Element  Material 

NC  132 

TABLE  ni.  MAGNETIC  FLUID  GRINDING  OF  Si3N4  ROLLERS 


Roller  Charactristics 

Earlier  Work  [4] 

This  Work 

Workmaterial:  Si3N4 
Removal  rate,  pm/mi n 
Straightness,  pm 

Roundness,  pm 

Surface  Roughness,  pm 

Sintered 

0.76 

22 

3.18 

2.0(Rmax) 

HIP'ed 

1.1 

10 

4.25 

0.091  (Rmax) 
0.029  (Ra) 

0.005  (Ra,min) 
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Spindle  of 

CNC  milling  machine 
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Figure  1  Schematic  diagram  of  magnetic  fluid  grinding  equipment 
for  ceramic  rollers 


Figure  2(a)  A  top  view  of  magnetic  fluid  grinding  equipment 
for  ceramic  rollers 
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Figure  2  (b)  A  side  section  view  of  magnetic  fluid  grinding 
for  ceramic  rollers 

(Section  plane  is  through  A-A'  line  in  Fig.  2(a) ) 


Magnet  B 


Float 


Rollers 


Roller 

holder 


Driving 

shaft 


Figure  3  Assembly  way  of  Magnet  B,  Float,  Rollers,  Roller  holder 
and  Driving  shaft 


Photograph  of  the  magnetic  fluid  grinding  equipment  for  ceramic 
rollers  showing  the  drive  shaft,  the  cage  (roller  holder),  rollers,  float,  and 
the  float  chamber 


0.8 

0.6 

0.4 

0.2 


30  60  90  120  1 

Polishing  time,  min 


50 


Figure  6  Variation  of  removal  volume  and  removal  depth 
with  polishing  time 


Figure  7  Variation  of  surface  roughness  Ra  with  polishing  time 
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Removal  depth  d,  pm 


B^C 

(SOiim) 


SiC  < 

(38(iin) 

Abrasive  materials 


Figure  8  (a)  Effect  of  abrasive  material  on  removal  rate 


0.4(Hun 

W.0.084N/roner 
v«1500ipm 
f-O^Hz,  s>6n)m 
6Vol% 

W-40 

'  ';v."  V 

0.31^m 

I 


,v  jv;:, 

B,C 

SiC 

Cr,0> 

2  3 

(50^lm) 

(38nm) 

(30nm) 

Abrasive  materials 

Figure  8  (b)  Effect  of  abrasive  material  on  surface  roughness 


As-received 


Polished  with  Cr203  ( 7  jim ) 


_|o.2 

0.1mm 


1  " 

•.8B49  mm 
8. 8771  mm 


M  8.8874  mm 

Si  8.8988  mm 


Sr  8.8133  mm. 


Polished  with  Cr203  ( 3  ixm  ) 


0.1mm 


Surface  roughness  profiles  before  and  after  polishing  with  Cr203 
(7  pm)  and  CraOa  (3  pm)  3^ 


Polished 


Figure  1 1  Surface  profiles  of  a  roller  in  the  longitudinal  direction 
(a)  as  received  and  ( b)  after  polishing 
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DIMENSIONS:  mm  (in.) 


Figure  12.  Partial  view  of  the  roller  crown  and  separable  roller  bearing  design 
for  silicon  nitride  bearing  (after  Miner  et  al  [1 8]) 
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As-received 


Pcfehed 


Figure  13  Roundness  profiles  (a)  before  and  (b)  after  polishing 


0  0.5  1  1.5  2  2.5  3 

Ha/Hm 


Figure  1 4  Effect  of  hardness  ratio  Ha/Hm  of  abrasive 
to  workpiece  material 
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Summary 

Advancedj:eramics.  such  as  silicon  nitride  are  increasingly  being  considered  for  strucrurai  applications,  such  as  ceramic  oearinas  for  hiah 
fk  reauirements  of  high  finish  and  accuracy  and  minimal  surface  defects,  such  as  cracks,  comoined  with  the  difficulty  of  finishino 

M  ^  7  conventional  methods  of  grinding  and  polishing  cost  effectively,  necessitated  the  investigation  of  alternate  manufacturina  technolocies 
Magnetic  neld  assistea  polisning  is  one  such  technology  which  is  capabie  or  generating  (a)  very  high  finisn  and  accuracy,  (b)  very  little  or  no  suhace 
damage,  sucn  as  microcracks  to  the  components  during  the  finishing  operation  due  to  extremely  low  ievei  of  forces,  and  (c)  the  finishinq  ooeration 
can  pe  significantly  faster  than  by  conventional  technicues  due  to  the  possibiiity  of  usino  hiaher  soindle  soeeds.  In  this  oaoer  this  technique  will  be 
Drietiy  revtewea  followed  by  an  experimental  investigation  of  the  application  of  this  technology  for  finishino  of  stainless  sieei  (non-maqnetic)  rollers  to 
silicon  nitride.  Surface  finish  fRa)  of  the  order  of  10  nm  can  be  obtained.  Some  of  the  oarameters  of  the  process  that 
effect  the  finisn  and  material  removal  rate  are  discussed. 

Key  Words:  Supertinishing,  roller,  polishing 


1.  introduction 

Finish,  accuracy,  and  surface  integrity  of  parts  produced  by 
conventional  machining  (i.e.  tooi  harder  than  the  workpiece)  depend  on  the 
machine  tool  system  which  comprises  the  machine  tool,  cutting  tool, 
workpiece,  cutting  conditions,  and  cutting  fluid.  For  accomplishing  higher 
removal  rates  or  higher  finishes,  the  machine  tools  need  to  be  rigid,  free 
from  quasi-static  errors  (deflections)  as  well  as  dynamic  errors  (chatter  or 
vibration),  and  workpiece  and  tooling  errors.  Often  it  is  difficult  to 
economically  build  machine  tools  that  are  extremely  rigid,  vibration  free,  and 
error  free.  With  the  introduction  of  many  difficult-to-machine  materials, 
such  as  hardened  steels,  nickel-,  cobalt-  and  titanium-based  superailoys 
oscillations  in  the  cutting  process  (cyclic  variation  of  forces)  become 
inherent  to  the  cutting  process  {cyclic  chip  formation)  and  can  not  be 
modified  significantly  by  the  machine  tool  system.  Also,  with  the  advent  of 
advanced  materials,  such  as  ceramics  and  glasses  very  tew  cutting  tool 
materials  (including  diamond  and  cubic  boron  nitride)  with  geometrically 
defined  edges  are  capable  of  material  removal  effectively.  Ceramics  and 
glass  are  inherently  brittle  and  failure  of  parts  made  from  these  materials 
are  initimed  by  cracks  formed  during  machining  as  well  as  by  other  defects. 

To  minimize  the  damage  due  to  machining,  it  is  necessary  to  process 
advanced  ceramics  under  gentle  conditions,  i.e.  very  low  forces.  While 
improved  machine  tools  will  certainly  facilitate  in  reducing  deflections  and 
chatter,  need  arises  for  controlling  the  force  level.  Also,  the  finishing 
operation  has  to  be  economically  attractive.  This  led  to  the  introduction  of 
non-traditional  machining  w^ere  the  cutting  process  is  aided  by  a  secondary 
source.  For  example,  in  ultrasonic  grinding,  the  material  removal  operation 
is  facilitated  by  the  vibratory  action.  Similarly,  in  laser  assisted  machining, 
a  laser  compliments  the  cutting  action.  Magnetic  field  assisted  polishing  is 
one  such  non-conventional  machining  technology  in  which  the  cutting  force  is 
controlled  by  the  magnetic  field.  Finish  polishing  is  essentially  accomplished 
without  the  need  for  designing  expensive,  rigid,  ultra-precision,  vibration  free, 
and  error,  free  machine  tools  by  incorporating  the  magnetic  polishing 
elements  necessary  into  the  existing  conventional  machine  tools,  thereby 
minimizing  the  cost  of  new  equipment.  The  process  can  thus  be  very 
effective  and  economical. 

2.  Magnetic  Abrasive  Finishing  of  Rollers 

It  is  difficult  to  cost  effectively  finish  advanced  ceramics,  such  as 
silicon  riitride,  silicon  carbide,  and  aluminum  oxide  by  conventional  grinding 
and  polishing  techniques,  and  also  meet  the  requirements  of  high  finish, 
accurai^,  and  minimal  surface  defects,  such  as  microcracks.  This  has 
necessitated  the  development  of  an  alternate  manufacturing  technology, 
namely,  magnetic  field  assisted  polishing.  This  new  technique  can  be 
classified  into  two  types.  The  first  one  is  the  magnetic  abrasive  finishing 
which  uses  a  brush  of  magnetic  abrasives  for  finishing  [10].  The  second 
type  is  the  magnetic  float  polishing  (also  termed  magnetic  fluid  grinding) 
uses  a  magnetic  fluid  which  is  a  colloidal  dispersion  of  subdomain  magnetic 
particles  in  a  liquid  carrier  and  abrasives  [12].  In  this  paper  magnetic 
abrasive  finishing  of  non-magnetic  stainless  steel  rollers  will  be  covered 
briefly.  Other  details  are  covered  elsewhere  [3]. 

Figure  1  is  a  schematic  of  the  magnetic  abrasive  finishing 
apparatus.  A  cylindrical  workpiece,  such  as  a  ceramic  roller  is  clamped  in 
the  chuck  of  the  spindle  providing  the  rotary  motion.  The  rollers  can  be 
magnetic  or  non-magnetic.  Hence,  this  technique  is  applicable  to  both  steel 
and  ceramic  rollers.  For  non-magnetic  work  materials,  the  magnetic  field 
lines  go  around  the  workpiece  through  the  magnetic  abrasive  while  for 
magnetic  materials  they  pass  through  the  workpiece.  Axial  vibratory 
motion  is  introduced  in  the  magnetic  field  by  oscillating  motion  of  the 
magnetic  poles  relative  to  the  workpiece.  Magnetic-abrasive  conglomerate 
which  is  a  mixture  of  fine  abrasives  held  in  a  ferromagnetic  material  is 
introduced  between  the  workpiece  and  the  magnetic  heads  where  the 


finishing  pressure  is  exerted  by  the  magnetic  field.  Typically  the  size  of  the 
magnetic  abrasive  conglomerate  is  50  to  400  urn  and  the  abrasives  are  in 
the  1  to  10  Jim  range.  Figure  2  is  a  SEM  micrograph  of  a  magnetic 
abrasive  (KMX  80)  whose  mean  diameter  is  about  80  mm  and  the  size  of 
the  abrasive  is  2-3  mm.  With  non-magnetic  work  materials,  the  magnetic 
abrasives  are  linked  to  each  other  magnetically  between  the  magnetic  poles 
N  and  S  along  the  lines  of  magnetic  force,  forming  flexible  magnetic 
abrasive  brushes  as  shown  in  Figure  3.  Finishing  action  takes  place 
predominantly  in  this  region.  To  achieve  uniform  circulation  of  the  abrasives, 
the  magnetic  abrasives  should  be  stirred  periodically.  Both  surface'  and 
edge  finishing  can  be  accomplished  by  the  magnetic  abrasive  brushes.  The 
process  is  highly  efficient  and  the  removal  rate  and  finish  deoend  on  the 
workpiece  circumferential  speed,  magnetic  flux  density,  working  clearance, 
workpiece  material,  size  of  the  magnetic  abrasive  conglomerate  including 
the  type  of  abrasive  used,  its  grain  size  and  volume  fraction  in  the 
conglomerate.  The  recent  understanding  of  the  tribo-chemical  wear  of 
silicon  nitride  suggests  additional  possibiiity  of  finishing  ceramic  rollers  based 
on  mechano-chemical  action. 

Figure  4  is  a  schematic  of  the  magnetic  field  polishing  showing  the 
two-dimensional  magnetic  field  distribution  in  the  finishing  zone  of  the 
process.  The  magnetic  abrasive  particles  form  a  brush  around  the 
workpiece  linking  the  N  and  S  poles.  The  magnetic  flux  density  is  stronger 
around  the  non-magnetic  workpiece  (along  the  magnetic  brushes)  than 
through  the  workpiece.  The  magnetic  abrasive  at  position  "A"  in  Figure  4  is 
affected  by  the  magnetic  forces  represented  by  the  following  equations 

Fx  =s  V  c  H  3H/9x  Fy  =  V  c  H  5H/3y  (1 ) 

where,  V  is  the  volume  of  the  magnetic  abrasive  particles, 
c  is  the  susceptibility  of  the  particle, 

H  is  the  magnitude  of  the  magnetic  field  strength  at  point  A, 

X,  and  y  are  coordinate  points  fixed  at  A, 

and  3H/3x,  3H/3y  are  gradients  of  the  magnetic  field  strengths  in 

the  X  and  y  directions 

It  is  evident  from  Eq.  1  that  the  magnetic  forces  Fx  and  Fy  are 
proportional  to  the  volume  of  the  magnetic  abrasive  particles,  the 
susceptibility  of  the  particles,  the  magnetic  field  strength,  and  its  gradient. 

If  the  gradients  are  not  equal  to  zero  then  magnetic  abrasive  particles  are 
pushed  toward  the  work  surface.  The  magnetic  force  Fy  actuates  the 
magnetic  abrasive  particles  to  take  part  in  the  surface  finishing  of  the 
workpiece.  In  addition,  the  force  Fx  is  acting  on  the  abrasive  grain  in  the  • 
rotating  tangential  direction  of  the  work  surface  by  the  cutting  and  frictional 
actions.  The  runoff  of  the  abrasive  grains  from  the  working  zone  is 
prevented  by  the  force  Fy  .  it  is  also  clear  from  Eq.  1  that,  even  if  x  is 
nonzero,  the  magnetic  force  will  not  act,  if  3H/3x,  3H/3y  are  equal  to  zero. 
Thus  both  susceptibility  and  magnetic  field  gradients  are  important  in  this 
operation.  The  larger  values  of  magnetic  strength  gradients  forces  the 
abrasive  grains  to  move  towards  the  working  zone  thus  preventing 
separation  and  splashing  of  the  abrasive  grains  from  the  working  zone. 

3.  Brief  Review  of  Magnetic  Abrasive  polishing 

Although  the  magnetic  abrasive  finishing  process  was  originated  in 
the  U.S.  in  the  40's,  it  was  in  the  former  U.S.S.R.  (Baron  and  his 
associates  [2,5-8])  and  Bulgaria  (Mekedonski  and  his  associates  [6])  that 
much  of  the  development  took  place  in  the  late  50's  and  ’60s.  These 
researchers  have  shown  that  the  technique  can  be  applied  to  a  wide  range 
of  products.  In  the  80's  Japanese  researchers  (chiefly  Professor  Kato  and 
his  associates  at  Tohoku  University  [13],  Professor  Nakagawa  and  his 
associates  at  Tokyo  University  [1]  and  Dr.  Shinmura  and  his  associates  at 
Utsunomia  University  [9-12])  followed  this  work  and  conducted  research  for 
finish  polishing  applications.  For  example,  Takazawa,  Shinmura,  and 
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Hatano[9-10]  have  conducted  extensive  research  on  the  magnetic  abrasive 
finishing  of  rollers  and  the  associated  equipment.  They  studied  the  orincipies 
of  operation,  finishing  characteristics  under  different  conditions,  and 
variousapplications  of  magnetic  abrasive  finishing.  Shinmura  et  al  [lOj  later 
extended  these  studies  and  designed  various  equipment  for  internal  finishina 
of  tubes,  external  finishing  of  rods,  finishing  of  fiat  surfaces  etc.  However 
all  of  Shinmura’s  work  deals  with  ferromagnetic  materials.  In  this  paper  we 
report  resutis  on  a  non-ferromagnetic  material,  namely,  austenitic  stainless 
steel. 


4.  Experimental  Set-Up  and  Test  Conditions 

Figure  5  is  a  photograph  of  the  experimental  set-up  of  the  magnetic 
polishing  apparatus  mounted  on  a  Harcinge  precision  lathe.  Figure  6  is  a 
close-up  of  the  apparatus  showing  key  elements.  The  eauioment  consists 
of  an  electromagnet  used  for  the  generation  of  the  magnetic  field,  magnetic 
heads,  vibrator  for  axial  motion  of  the  magnetic  heads,  and  a  lathe  chuck 
to  hold  and  rotate  the  workpiece,  and  magnetic  abrasives.  A  copper  coil 
wound  in  the  form  of  a  solenoid  is  used  for  generaiino  the  magnetic  field  in 
the  core.  A  low  carbon  (0.16%)  steel  is  used  as  the  magnetic  core 
material.  Current  in  the  range  of  0.5-2  A  is  passed  through  the  copper  coii. 
This  corresponding  to  a  magnetic  flux  density  of  0.17  to  0.35  T  with  a  non¬ 
magnetic  workmaterial.  The  values  of  the  magnetic  flux  density  would  be 
at  least  four  times  with  a  magnetic  workmaterial-  The  magnetic  heads  are 
designed  in  such  form  that  the  magnetic  field  is  concentrated  with  minimum 
leakage  of  the  field  taking  place  surrounding  the  sir  gap  between  the 
magnetic  heads.  A  pneumatic  air  vibrator  is  used  for  providing  the  axiai 
vibratory  motion  to  the  magnetic  head.  Typical  frequency  of  vibration  of 
the  head  is  15-25  Hz.  The  magnetic  finishing  equiprnent  is  mounted  on  a 
1.5  hp  Hardinge  precision  lathe  with  continuous  soeed  capability  from  500 
up  to  3000  rpm. 

In  the  following  the  specifications  of  the  sauipment  and  test 
conditions  used  in  this  investigation  are  given. 


Machine  capacities  :  1 .5  ho  Hardinoe  Precision  Lathe 
Roller  speed  :  500.*  1 ,000,  and  2.000  rpm 

(corresponding  to  0.32. 0.65,  and  1.3 
m/sec.) 

:Non-magnetic  stainless  steel  rods 
:  5-15  mm  diameter  x  120  mm  long 
cylindrical  roller 
;  45mmionq 
:  0  -2  A 
:  0  -0.35  T 
:  0-30  KPa 
:  0.16%  carbon  steel 
:  AI2O3  abrasive  (2-10  mm)  in  a 
matrix  of  iron  particles  (50-400  mm) 

(  KMX80,  M5).  SiC,  400  mm  Fe) 

—  :  Dry,  oil,  and  zinc  stearate 

The  workpiece  is  examined  periodically  for  surface  characterization 
using  Form  Talysurf,  Talyrond,  ZYGO  laser  interference  microscope,  and 
scanning  electron  microscope. 


Work  material 
Workpiece  size 

Polishing  capacity 
Current  density 
Magnetic  field  density 
Magnetic  pressure 
Magnetic  core 
Magnetic  abrasives 


Lubricant 


5.  Test  Results  and  dikussion 

Figure  7  shows  the  Talysurf  traces  of  the  as-received,  ground 
stainless  steel  rod  and  the  same  rod  finished  by  magnetic  field  assisted 
polishing.  The  roughness  of  the  ground  surface  (Ra)  is  about  220  nm  while 
that  of  the  polished  surface  is  about  7.6  nm.  While  it  is  possible  to  polish 
the  surface  of  the  stainless  steel  roller  to  a  surface  finish  (Ra)  close  to  10 
nm,  the  finish  that  can  be  obtained  rapidly  is  in  the  15  nm  range. 

In  the  following  effects  of  some  of  the  parameters  in  the  magnetic 
abrasive  finishing  on  the  finish  and  material  removal  rates  will  be  discussed. 
They  include  effect  of  bonded  vs  unbonded  magnetic  abrasive  type,  effect 
of  lubricant,  effect  of  magnetic  flux  density,  and  combined  effect  of 
rotational  speed  and  axial  vibration. 


(a)  Effect  of  Bonded  and  Unbonded  Magnetic  Abrasive  Type  With 

an  Oil  Lubricant 

Magnetic  abrasive  can  be  used  in  the  form  of  either  a  mechanical 
mixture  (unbonded)  of  ferromagnetic  material  and  abrasive  or  abrasives 
held  in  a  ferromagnetic  matrix  (bonded)  formed  by  sintering  or  other 
techniques.  In  the  first  case,  under  the  influence  of  the  magnetic  field,  the 
abrasives  a.re  loose  and  may  move  around  freely  within  the  constraints  of 
the  magnetic  material  adjacent  to  them.  In  the  later  case  the  abrasives 
are  integral  with  the  magnetic  material  and  hence  the  movement  of  the 
abrasive  is  somewhat  constrained.  To  examine  the  effect  of  bonded  versus 
unbonded  type  abrasive  mixtures  on  the  material  removal  rate  and  finish 
tests  were  conducted  with  an  oil  based  lubricant.  In  the  bonded  case, 
magnetic  abrasive  consisting  of  40#  iron  and  KMX80  was  used,  in  the 
unbonded  case  abrasives  consisting  of  40#  iron  and  400#  SiC  (which  is  not 
physically  bonded  to  iron)  was  used. 


Figure  8  shows  the  variation  of  the  surface  finish  (Ra)  and  material 
removal  rate  with  finishing  time  for  bonded  and  unbonded  magnetic 
abrasives,  initially  the  material  removal  rates  are  high  in  both  cases  but 
drop  to  steady  state  levels  with  time.  It  can  be  seen  that  the  removal  rate 
with  unbonded  material  is  much  higher  than  with  the  bonded  material  (the 
steady  state  value  is  about  15-20  times  higher  for  the  unbonded  case), 

I  he  higher  removal  rate  is  attributed  to  the  availability  of  free  abrasives 
that  can  scratch  much  deeper  than  the  bonded  abrasive.  However,  this 
results  in  much  rougher  surface  with  the  unbonded  abrasive  (Ra  of  about 
300  nm  with  unbonded  magnetic  abrasive  compared  to  20  nm  with  bonded 
abrasive).  The  material  removal  mechanism  also  aopears  to  be  different 
for  these  two  cases. 

As  a  strategy  of  using  this  technique  for  finishing,  one  should  use 
unbonded  abrasive  if  the  initial  finish  is  rough  (say  fine  turned).  This  will 
enable  higher  removal  rate  which  can  be  followed  by  finishing  usina  bonded 
magnetic  abrasives.  However,  if  the  initial  surface  is  semifinishe^d  (say  a 
ground  surface)  then  bonded  abrasive  would  be  preferable  for  finishing. 

(b)  Effect  of  Lubricant; 

Solid  lubricant  such  as  zinc  stearate  can  be  used  to  enhance  the 
surface  finishing  efficiency  of  the  process.  The  lubricant  causes  the 
abrasive  brush  to  be  more  flexible  and  enhances  its  ability  to  produce  better 
finish.  Figure  9  shows  the  variation  of  finish  with  0  w  %  (dry),  2  w  %,  5  w  % 
and  8  w  %  of  zinc  stearate.  It  can  be  seen  that  the  finish  increases  with 
increasing  zinc  stearate  content  up  to  about  5  w  %  after  which  the  finish- 
decreases.  Also,  the  time  required  to  reach  the  best  finish  also  decreases 
with  increasing  zinc  stearate  content.  It  also  appears  with  increasing  the 
amount  of  lubricant  up  to  5  w  %,  the  surface  finishina  action  is  enhanced 
and  same  surface  finish  can  be  achieved  in  lesser  time.'^ 

(c)  Effect  of  Magnetic  Flux  Density 

in  the  magnetic  abrasive  finishing  process,  the  magnetic  field  is 
generated  by  an  electromagnet.  The  source  current  density  generates  the 
magnetic  field  between  the  magnetic  poles  which  in  turn  controls  the 
magnetic  force  exerted  by  the  abrasives  bn  the  rollers.  The  source  current 
density  can  effect  both  the  metal  removal  and  the  surface  finish.  Figure  10 
shows  the  variation  of  surface  finish  (Ra)  with  finishing  time  for  various 
magnetic  flux  densities,  it  can  be  seen  that  increasing  the  flux  density  from 
0.17  to  0.37  T  results  in  improvement  in  the  surface  finish.  Also  the 
surface  finish  improves  rapidly  with  time  and  reaches  a  saturation  level.  It 
IS  also  observed  that  increasing  the  magnetic  flux  density  (current  density) 
increases  the  removal  rate  up  to  certain  extent  beyond  which  it  reaches  a 
saturation  value.  In  the  experiments  conducted  with  unbonded  abrasives 
(40#  Fe  mixed  with  1200#  SIC),  the  source  current  used  is  0.5, 1,  and  2  A 
corresponding  to  the  magnetic  flux  density  of  0.17,  0.25  and  0.37  T 
respectively.  Better  surface  finish  (Ra  less  than  50  nm)  and  higher 
removal  rate  was  observed  in  the  case  of  2A  source  current  density. 

(d)  Combined  Effect  of  Rotational  Speed  and  Axial  Vibration 

The  removal  rate  and  the  finish  generated  depend  on  both  the 
rotational  speed  and  the  axiai  vibration  (both  amplitude  and  frequency). 
Without  axial  vibration  and  with  only  rotation  of  the  workpiece, 
circumferential  grooves  will  form.  By  introducing  axial  vibration,  the 
resultant  velocity  will  be  changed  which  will  result  in  cross  hatching.  The 
rotational  velocity^  is  given  by  p  D  w,  where  D  is  the  diameter  of  the 
workpiece  and  w  is  the  rotational  speed;  the  vibrational  velocity  can  be 
represented  by  2  p  a  f  Cos  (2  p  f  t)  where  a  is  the  amplitude  and  f  is  the 
frequency  of  the  axiai  vibration.  For  maximum  velocity  Cos  (2  p  f  t)  would  be 
unity  and  if  one  were  to  use  an  rms  value  it  would  be  0.707.  By  varying  the 
rotational  speed  and  axial  vibration,  one  can  generate  different  cross 
hatched  patterns.  Figure  1 1  shows  the  variation  of  removal  rate  and 
surface  .finish  after  5  minutes  of  polishing  with  half  included  angle  of  the 
cross  hatched  pattern  calculated  from  the  resultant  velocity.  It  can.be 
seen  that  the  removal  rate  is  lowest  with  no  axiai  vibration  and  increases 
with  increase  in  axiai  vibration.  At  a  given  half  included  angle,  higher  the 
vibrational  frequency,  the  higher  the  removal  rate.  So  for  higher  removal 
rate  one  needs  .to  increase  the  frequency/amplitude  of  axial  vibration.  It 
can  also  be  seen  from  Figure  11  that  maximum  removal  rates  as  well  as 
the  best  finish  occur  at  half  included  angle  between  25  to  35  deg.  Low 
(close  to  0  deg.)  and  high  (close  to  90  deg.)  half  included  angles  result  in  low 
removal  rate  and  poor  finish.  Figure  12  shows  the  theoretical  variation  of 
the  half  included  angle  with  workpiece  rotational  speed  for  various  pole 
vibration  frequencies.  It  can  be  seen  that  at  low  pole  frequency  of  vibration 
the  workpiece  rotational  speed  is  low  and  the  range  of  workpiece  rotational 
speed  is  rather  narrow  to  obtain  half  included  angle  in  the  15  to  35  deg. 
range.  To  enable  the  use  of  higher  workpiece  rotational  speeds  and  hence 
higher  removal  rates,  one  needs  to  increase  both  the  pole  vibration 
frequency  and  amplitude  significantly.  ■ 
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6.  Conclusions 

1.  Magnetic  field  assisted  polishing  apparatus  can  be  incorporated 
on  a  conventional  lathe  and  used  for  finishing  non-magnetic  stainless  steeis 
rollers.  Consequently  this  process  can  be  economical  and  cost  effective. 

2.  The  surface  finish  (Ra)  of  a  ground  rod  can  be  finished  to  about  10 
nm 

3.  While  unbonded  magnetic  abrasives  are  found  to  yield  higher 
removal  rates,  bonded  magnetic  abrasives  are  found  to  give  better  finish. 

4.  Increasing  the  weight  percentage  of  zinc  stearate  in  the  magnetic 
abrasive  was  found  to  yield  better  surface  finish  up  to  a  certain  w  %  of  zinc 
stearate.  Also  the  time  required  for  best  finish  was  shorter  with  higher  zinc 
stearate  concentration. 

5.  increasing  the  magnetic  flux  density  was  found  to  increase  the 
rate  of  finishing  as  well  as  the  best  finish  attainable. 

6.  Axial  vibration  of  the  magnetic  heads  was  found  to  be  critical  for 
finishing  by  magnetic  field  assisted  polishing.  High  removal  rates  and  best 
finish  were  obtained  with  increase  in  the  axial  vibration  (frequency  as  well  as 
amplitude).  Both  axial  vibration  and  rotational  speed  of  the  workpiece  has 
to  be  taken  into  consideration  for  obtaining  the  best  cross  pattern  that 
would  give  best  finish  as  weil  as  high  removal  rates.  Half  included  angles 
between  15  and  35  deg.  are  found  to  be  optimum  for  best  finish  and  high 
removal  rates, 

7.  Although  stainless  steel  (non-magnetic)  meets  the  requirements 
as  far  as  simulation  of  non-magnetic  silicon  nitride  rollers,  there  are 
significant  other  differences.  The  first  among  them  is  the  nature  of  failure 
of  these  materials  (plastic  deformation  is  the  primary  mode  in  the  case  of 
stainless  steel  while  brittle  fracture,  dislodgement  of  grains,  microcracks, 
and  viscous  flow  of  the  glassy  phase  in  the  case  of  silicon  nitride).  Also, 
work  hardening  of  the  stainless  during  polishing  leads  to  fatigue  cracks  and 
removal  of  flakes  of  stainless  steel  material. 
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Figure  1  Schematic  of  the  magnetic  abrasive  finishing  apparatus. 


Rgure  2  SEM  micrograph  of  a  magnetic  abrasive  (KMX  80) 


Rgure  3  Photograph  showing  flexible  magnetic  abrasive  brushes  formed  by 
linking  magnetic  abrasives  between  the  magnetic  poles  N  and  S 
with  non-magnetic  work  materials 
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Figure  4  Diagram  showing  two-dimensional  magnetic  field  distribution  in  the 
working  zone  of  the  polishing  process  [1]. 
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Figure  5  Photograph  of  the  experimental  set-up  of  the  magnetic  polishing 
apparatus  mounted  on  a  Hardinge  precision  lathe 


Rgure  6  Close-up  of  the  magnetic  abrasive  finishing  apparatus 


Figure  7  Talysurf  traces  of  the  as-received  (ground)  stainless  steel  rod  and 
the  same  finished  by  magnetic  filed  assisted  polishing 
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Test  Conditions:  Bonded  Abrasive: 

Surface  Speed:  1 .3  m/sec  80  w%  Fe  (40#)  +  20  w%  KMX  80 
Flux  Density:  0.37  T  Unbonded  Abrasive: 

Lubricant:  oil  (SAE  30)  80  w%  Fe  (40#)  +  20  w%  SiC  (400#) 

Rgure  8  Variation  of  the  surface  finish  (Ra)  and  material  removal  rate 
with  finishing  time  for  bonded  and  unbonded  magnetic  abrasive 
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Figure  9  Variation  of  surface  finish  (Ra)  with  0  w  %  (dry),  2  w  %,5  w  %  and 
8  w  %  of  zinc  stearate 


Finishing  Time,  minutes 

Test  Conditions: 

Surface  Speed:  1.3  m/sec  Abrasive  Type:  80  w%  Fe  (40#) 
Lubricant:  3  w%  Zinc  stearate  +  20  w%  SiC  (1200#) 

Figure  10  Variation  of  surface  finish  (Ra)  with  finishing  time  for  various 
magnetic  flux  densities 
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Test  Conditions: 

Surface  Speed:  1 .3  m/sec  Abrasive:  80  w%  Fe  (40#)  +  20  w%  M5 
Flux  Density:  0.37  T  Lubricant:  3  w%  Zinc  stearate 

Rgure  1 1  Variation  of  removal  rate  and  surface  finish  after  finishing  for  5 
min.  with  half  included  angle 


Rgure  12  Theoretical  variation  of  the  half  included  angle  with  workpiece 
rotational  speed  for  various  pole  vibration  frequencies 
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APPENDIX  F 


ON  THE  MECHANISMS  OF  MATERIAL  REMOVAL  IN  FINE 
GRINDING  AND  POLISHING  OF  ADVANCED  CERAMICS 
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This  paper  deals  with  the  fundamental  considerations  on  the  interactions  between  the 
abrasive  and  the  work  material  as  well  as  the  micro-mechanisms  of  material  removal  and  surface 
generation  process  in  'gentle’  grinding  and  polishing  (surface  roughness  in  the  range  of  a  few 
nanometers  rms)  of  advanced  ceramics  and  glasses.  In  developing  plausible  mechanisms,  an 
attempt  is  made  to  delineate  the  failure  mechanisms  operable  in  polycrystalline  ceramics  and 
glasses  versus  the  metals.  This  is  necessary  because  of  the  significant  differences  in  the  nature  of 
bonding,  microstructure  and  the  tribochemistry,  and,  flaws  generated  during  processing  of  these 
materials  and  their  consequent  effect  on  the  failure  mechanisms  associated.  For  example,  metals 
are  fully  dense  crystalline  materials  with  an  orderly  arrangement  (both  long  and  short  range)  of  atoms 
in  all  directions.  Plastic  deformation,  instead  of  brittle  fracture,  is  by  far  the  predominant  mode  of 
failure  in  these  materials.  Glasses,  in  contrast,  are  non-crystalline  (or  amorphous)  and  respond 
intermediate  between  a  liquid  and  a  solid,  i.e.  at  room  temperature  they  behave  in  a  brittle  manner 
but  above  the  glass  transition  temperature  in  a  viscous  manner.  Ceramics,  though  mostly 
crystalline,  are  different  in  the  nature  of  bonding.  For  example,  metallic  bonding  in  the  case  of 
metals,  no  long  range  order  in  the  case  of  glasses,  and  ionic  and/or  covalent  bonding  in  ceramics. 

Since  ceramics  are  processed  from  powders  using  sintering,  hot-pressing,  or  hot-isostatic 
pressing,  they  are  less  than  theoretically  dense.  This  results  in  some  inherent  porosity  in  the 
microstructure.  Also,  the  grain  boundaries  generally  consist  of  a  weak,  glassy  phase.  All  these 
factors  affect  the  strength  and  failure  (deformation/fracture)  behavior  of  these  materials.  Grain 
dislodgement,  viscous  flow  at  the  grain  boundaries,  and  microfracture  of  the  crystals  may  be  the 
predominant  modes  of  failure  than  plastic  deformation  in  this  case.  Also,  under  the  high  pressures 
and  temperatures  generated  at  the  contacting  points  during  polishing,  mechano-chemical  effects 
can  play  an  important  role  in  the  material  removal.  In  this  investigation,  effect  of  these  factors  are 
carefully  considered  in  the  development  of  a  mechanistic  model  of  the  process.  While  plastic 
deformation  is  feasible  at  high  temperatures  and/or  under  high  hydrostatic  pressures,  the  wide 
range  of  defect  structures  present  at  various  levels  in  most  ceramics  tend  to  favor  microfracture, 
grain  dislodgement  etc.  Further,  in  ceramics  containing  a  glassy  phase  at  temperatures  higher  than 
the  glass  transition  temperature,  viscous  flow  of  the  glassy  phase  takes  place.  Since  the  glassy 
phase  is  present  at  the  grain  boundaries,  this  can  cause  grain  boundary  sliding. 

1.  INTRODUCTION 


High  technology  applications  of 
advanced  ceramics  depend  heavily  on  their 
superior  strength  at  elevated  temperature, 
chemical  stability,  and  electronic  properties  of 
the  components  made  from  these  materials. 
The  application  of  glasses  similarly  depend  on 
the  optical  properties.  However,  the 
conventional  manufacturing  and  finishing 
processes  (involving  grinding  followed  by 
polishing)  employed  in  the  production  of  these 
components  generate  defects  which  adversely 


affect  the  properties  and  performance  of 
components  in  service.  Finishing,  or  more 
specifically,  'gentle'  grinding  and  polishing  are 
processes  which  involve  the  generation  of  a 
useful  surface  by  intimate  contact  (generally 
sliding  contact)  of  two  surfaces  (work  material 
and  abrasive)  under  the  conditions  of  polishing 
and  'gentle'  grinding.  Depending  on  the 
atomic,  chemical,  and  physical  structure  of  the 
surfaces  of  the  work  material  and  the  abrasive 
particles,  the  micromechanisms  of  material 
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failure  differ.  Tribological  interactions  are  center 
to  the  polishing  process.  A  fundamental  under¬ 
standing  of  the  process  can  facilitate 
improvements  in  finishing  practices  and  the 
efficiency  of  polishing  or  grinding.  The 
following  sections  give  brief  introductions  on 
the  various  topics  of  interests.  They  include  a 
brief  review  of  the  polishing  mechanisms  for 
metals,  'gentle'/  'ductile'  grinding  and  polishing 
of  advanced  ceramics  and  glasses,  the  nature 
of  bonding  in  vartous  classes  of  materials,  wori< 
materials  (silicon  nitride  and  glasses),  abrasives, 
conventional  polishing,  advanced  ceramics  and 
glasses  as  work  materials,  and  methods  of 
finishing  advanced  ceramics. 

2.  POLISHING  MECHANISMS  FOR 
METALS 

Polishing  of  metals  and  glasses  has 
been  of  great  interest  for  centuries  in  the 
production  of  optical  components  chiefly  for 
mirror  and  lens  applications.  Consequently,  the 
underlying  mechanisms  of  material  removal  and 
finish  generation  were  of  obvious  interest  since 
then.  The  conventional  technique  of  polishing 
involves  the  use  of  fine  abrasive  in  a  liquid 
carrier  (usually  oil)  on  a  polishing  scaife.  By  this 
process,  a  rough  surface  having  visible 
irregularities  is  transformed  into  practically 
snx>oth  surface  to  the  naked  eye.  If  the  surface 
gives  specular  reflection,  the  height  of  these 
irregularities  will  be  less  than  half  a  wave-length 
of  visible  light.  Based  on  these  observations 
several  celebrated  scientists  formulated 
mechanisms  of  polishing.  For  example,  Hooke, 
Newton,  Rayleigh,  and  Herschel  formulated 
polishing  mechanisms  for  metals  based  on 
abrasive  particles  cutting  away  the  asperities  on 
an  abraded  surface,  replacing  them  by  a  set  of 
very  much  finer  ones.  The  classical  but 
controversial  work  on  polishing  was  that  of  Sir 
George  Beilby  [1]  who  reported  that  the  top 
surface  of  the  polished  material  is  different  in 
structure  from  that  of  the  underlying  material. 
According  to  him,  the  polished  surface  has  lost 
its  crystalline  nature  and  has  apparently  flowed 
over  the  surface  filling  the  valleys  on  the 
surface.  This  can  be  demonstrated  by 
metallographic  polishing  a  metal  specimen  and 
etching  it  to  reveal  the  microstructure,  a 
procedure  commonly  practiced  by  metallurgists. 
It  will  be  interesting  to  note  that  in  addition  to 
the  microstructural  details,  the  original  pre¬ 


polished  scratches  can  be  seen.  This  thin 
surface  layer  removed  by  etching  is  considered 
amorphous  and  commonly  known  as  the  Beilby 
layer.  It  is  without  doubt  that  such  a  layer  exits 
on  the  surface  of  a  polished  surface.  Whether 
or  not  this  is  an  amorphous  layer,  or  a  highly 
strained  layer,  or  an  oxide  layer  is  under  intense 
debate  even  to  day.  The  structure  of  the  Beilby 
layer  was  examined  by  several  researchers  by 
electron  diffraction.  It  showed  that  crystals  near 
the  surface  have  been  broken  down  in  size  and 
reached  the  crystal  size  of  the  bulk  metal  only  at 
a  depth  of  several  atom  layers.  The  surface  layer 
itself  consisted  either  of  very  fine  crystals  or  of 
an  amorphous  layer.  It  is,  however,  somewhat 
difficult  to  distinguish  unambiguously  between 
these  two  states  by  electron  diffraction 
technique.  Of  course,  the  possibility  of  an 
oxide  layer  formation  exits  very  much,  however 
small  the  thickness  may  be.  This  can  also  be  so, 
particularly  with  non-oxide  ceramics,  such  as 
silicon  nitride  which  is  known  to  form  such  an 
oxide  layer.  Also,  grain  boundary  phase 
consisting  of  magnesium  silicate  can  smear  on 
the  surface  due  to  viscous  flow  of  the  glassy 
layer  at  the  grain  boundaries  and  grain 
boundary  sliding  during  polishing. 

Samules  and  his  associates  [2] 
conducted  extensive  studies  on  polishing  of 
metals  and  showed  that  mechanical  polishing 
of  metals  with  very  fine  abrasive  is  essentially 
the  same  as  that  of  abrasion,  i.e.  microcutting  is 
involved  rather  than  surface  flow.  This  is  in 
marked  contrast  to  the  view  of  Beilby  and 
others.  Samules  also  pointed  out  that  the 
striking  piece  of  evidence  (which  many  other 
researchers  have  acknowledged)  in  favor  of 
Beilby's  theory  was  that  when  a  polished 
surface  is  etched  the  subsurface  scratches 
reappear,  suggesting  that  they  were  covered 
by  a  smeared  polished  layer.  Samules 
suggested  that  the  scratches  are  revealed 
because  in  an  earlier  stage  of  surface 
preparation,  the  scratches  left  intense  local 
deformation  which  are  not  entirely  removed  by 
later  polishing.  He,  thus,  concluded  that 
polishing  involves  removal  of  material  by 
abrasion  except  at  a  finer  scale.  Samules, 
however,  agrees  that  the  abraded  surfaces  (i.e. 
polished  surfaces)  contain  a  damaged  layer.  It  is 
clear  that  Samules  made  a  subtle  distinction  by 
saying  that  a  Beilby  layer  does  not  form  but  a 
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characteristic  damaged  layer  of  plastically 
deformed  material  does. 

Bowden  and  Hughes  [3]  conducted 
extensive  studies  on  polishing  and  concluded 
that  polishing  at  high  speeds  is  due  to  a  high 
temperature  softening  or  melting  at  the  points 
of  rubbing  contact.  They  pointed  out  that  at 
high  speeds,  surface  softening  followed  by 
surface  flow  undoubtedly  plays  a  major  part. 
The  rate  of  polishing  will  depend  on  the  relative 
mechanical  properties  of  the  polisher  (abrasive) 
and  the  work  material  at  the  temperature 
generated  during  the  polishing  process. 
Bowden  and  Tabor  [4]  pointed  out  that  at  low 
sliding  speeds,  microcutting  or  microabrasion 
may  well  be  the  dominant  mechanism,  as 
Samules  suggested,  while  at  high  speeds, 
surface  softening  followed  by  surface  flow 
undoubtedly  play  a  major  role.  The  mechano- 
chemical  action  that  can  take  place  at  high 
polishing  speeds  between  a  given  abrasive- 
work  material  combination  and  in  the  presence 
of  a  suitable  polishing  fluid  will  be  an  additional 
mechanism  of  polishing  especially  in  the  case  of 
some  ceramics. 

Rabinowicz  [5]  conducted  careful 
studies  on  polishing  and  based  on  that 
proposed  an  alternate  hypothesis.  Since  the 
size  of  the  abrasive  as  well  as  the  force  on  each 
abrasive  particle  during  polishing  is  rather  small, 
Rabinowicz  pointed  out  that  this  is  generally 
below  the  minimum  size  needed  for  the 
formation  of  wear  particles.  Accordingly, 
material  is  removed  from  high  spots  to  low  spots 
on  the  surface  by  some  mechanism  not  yet 
understood,  but  which  appears  to  involve  lateral 
displacement  along  the  surface  without  the 
formation  of  a  free  surface,  thus  leaving  a 
relatively  smooth  surface.  Rabinowicz 
considered  that  it  is  probably  because  of  the 
presence  of  the  minimum  load  effect,  rather 
than  surface  melting  or  softening  effects,  that 
polished  surfaces  are  produced  whose  surface 
roughness  is  so  much  smaller  than  the  average 
roughness  normally  attained  during  sliding. 

3.  ’GENTLE*  /  ’DUCTILE'  GRINDING 
AND  POLISHING  OF  ADVANCED 
CERAMICS  AND  GLASSES 

Material  removal  in  conventional  grinding 
of  hard,  brittle  materials,  such  as  advanced 
ceramics  and  glasses  is  generally  characterized 


by  brittle  fracture  of  the  work  material. 
Consequently,  many  brittle  materials  after 
grinding  are  finished  by  polishing  to  remove  the 
damage  caused  in  the  previous  operations. 
The  development  and  use  of  very  rigid,  high 
precision  machine  tools  (e.g.  Nanocentre  600) 
are  enabling  finishing  of  hard,  brittle  materials 
without  the  need  for  subsequent  polishing. 
Surface  finish  in  the  nanorange  is  being 
accomplished.  As  is  well  known,  the  per¬ 
formance  of  ceramic  components  will  be 
strongly  dependent  on  the  processing 
technique  used  in  their  manufacture.  It  is 
hoped  that  ultraprecision  grinding  at  fine 
depths  of  cut  would  produce  nearly  defect  free 
surfaces  that  can  result  in  improved 
performance  arid  reliability  of  components. 

While  the  technological  advances  are 
taking  place,  the  mechanism  of  material  removal 
is  still  not  well  understood  and  the  evidence 
available  has  not  been  clearly  established  as  to 
the  mechanisms  responsible  for  the  material 
removal  and  the  finish  generated  on  these 
parts.  For  example,  one  sees  long  stringy  chips 
when  grinding  glass.  Are  they  due  to  viscous 
flow  of  glass  above  the  glass  transition 
temperature?  Similarly,  some  plastic 
deformation  is  observed  in  the  indentation  of 
brittle  materials.  The  plastic  deformation,  in  this 
case,  is  it  due  to  the  presence  of  high 
hydrostatic  component  of  stress  underneath 
the  indenter  ?  Different  researchers  have 
advanced  different  hypotheses  and  it  is  the 
objective  of  this  paper  is  to  present  some 
evidence  which  will  facilitate  in  a  better 
understanding  of  this  process. 

It  should  be  realized  at  the  outset  that 
although  various  glasses  and  advanced 
ceramics  are  brittle  materials,  they  may  respond 
differently  under  load.  For  example,  glass  can 
deform  viscoplastically  above  the  glass 
transition  temperature.  Ceramics  containing  the 
glassy  phase  may  also  deform  viscoplastically 
this  phase  above  the  glass  transition 
temperature  Also,  most  of  the  ceramics  are 
polycrystalline  in  nature  and  dislodgement  of 
the  grains  and  formation  of  pits  may  also  occur 
in  addition  to  any  micro  (and  ,  macro-)  cracks  and 
plausible  plastic  deformation.  Also,  some 
porosity  may  be  present  in  some  of  these 
ceramics. 

The  mechanics  of  material  removal  in 
grinding  of  ceramics  and  glasses  can  be 
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classified  into  two  categories  --  brittle  fracture 
and  plastic  deformation.  The  former  is 
analo^us  to  indentation  on  a  brittle  material  by 
a  hard  indenter,  which  involves  two  principal 
crack  systems  with  lateral  cracks  responsible  for 
material  renwval,  and  radial/median  cracks  for 
strength  degradation.  The  latter  is  similar  to  the 
chip  formation  process  in  metal  grinding,  which 
Involves  scratching,  ptowing,  ard  formation  of 
chips.  It  is  not  clear  if  these  polycrystalline, 
sintered  materials  ever  deform  plastically  under 
the  conditions  of  grinding  or  polishing.  The 
loading  on  the  individual  grits  (i.e.  the  state  of 
stress  at  the  cutting  point),  as  well  as  the 
strength  and  fracture  toughness  of  the  work 
material  are  the  governing  factors  that  control 
the  extent  of  brittle  fracture.  The  radial/median 
cracks  that  initiate  during  loading  of  the 
indenter,  and  the  elastic  recovery  and  residual 
stresses  during  unloading  are  the  driving  forces 
for  lateral  cracks  and  the  propagation  of 
radial/median  cracks.  The  lateral  cracks  at  the 
bottom  of  the  irreversibly  deformed  zone  below 
the  indenter  propagate  parallel  to  the  surface  of 
the  specimen.  The  location  and  extent  of  the 
radial  cracks  depend  on  the  geometry  of  the 
irKlenter. 

There  is  one  hypothesis  recently 
advanced  involving  ‘ductile’  grinding  of  brittle 
materials.  According  to  this  hypothesis,  all 
materials,  regardless  of  their  hardness  and 
brittleness,  will  undergo  a  transition  from  a  brittle 
to  a  ductile  machining  region  below  a  critical 
grinding  infeed  rate.  Below  this  threshold 
depth  of  cut,  the  energy  required  to  propagate 
cracks  is  believed  to  be  larger  than  the  energy 
required  for  plastic  deformation,  so  that  plastic 
deformation  is  the  predominant  mechanism  of 
material  renx)val  in  grinding  these  materials. 
Hence,  the  term  ‘ductile’  grinding  of  brittle 
materials. 

There  is  an  alternate  hypothesis,  known  as 
'gentle'  grinding  wherein  plastic  deformation  is 
not  involved  in  the  material  removal.  According 
to  this  hypothesis,  since  the  mode  of 
deformation  (plastic  or  brittle)  depends  on  the 
state  of  stress  and  not  on  the  magnitude  of  the 
stress,  it  is  hard  to  comprehend  that  it  will 
change  (i.e.  the  mode  of  deformation)  merely 
by  changing  the  depth  of  cut,  all  other 
parameters  remaining  constant.  Late  Professor 
P.W.  Bridgman  of  Harvard  University  had 
conducted  extensive  investigations  and  shown 


convincingly  that  in  order  for  a  brittle  material  to 
deform  in  a  ductile  manner  (at  room 
temperature)  a  considerable  hydrostatic  stress 
component  is  required.  Merely  decreasing  the 
depth  of  cut  (scale  effect)  will  only  reduce  the 
magnitude  of  the  stresses  without  changing  the 
stress  state.  It,  therefore,  follows  that  as  the 
depth  of  cut  in  grindir^  is  reduced,  the  superior 
surface  obtained  at  light  depths  of  cut  are  due 
to  this  effect  and  not  necessarily  due  to  plastic 
deformation.  In  other  words,  at  light  loads, 
microcracks  may  be  forming  but  they  may  not 
propagate  to  form  larger  cracks.  Consequently, 
grinding  at  extremely  small  depths  of  cut  is 
termed  as  'gentle'  grinding'  rather  than  'ductile' 
grinding. 

In  the  case  of  polycrystalline  ceramics,  the 
material  removal  mechanism  in  fine  grinding  or 
polishing  may  involve  the  dislodgement  of 
grains(s)  by  fracture  at  the  grain  boundaries 
resulting  in  the  formation  of  pits.  Subsequent 
polishing  involves  removal  of  material  till  the  pits 
are  removed.  However,  many  finished  surfaces 
acceptable  for  optical  applications,  such  as 
lenses  contain  multitude  of  pits.  In  the  case  of 
silicon  nitride,  in  addition  to  the  polycrystalline 
nature,  one  finds  significant  amounts  of  the 
glassy  phase  at  the  grain  boundaries  which  will 
respond  in  a  different  manner  than  the  bulk  of 
the  material.  These  factors  have  to  be 
considered  in  the  development  of  mechanistic 
model  of  the  material  removal. 

Recent  molecular  dynamics  modelling 
of  the  machining  of  silicon  by  researchers  at 
Lawrence  Livermore  National  Laboratory 
indicates  that  amorphization  of  the  surface 
layers  are  possible  due  to  chemical  interactions 
between  diamond  and  the  silicon  surface.  Is  this 
the  age  old  Bilby  Layer  ?  To  address  these 
issues,  we  need  supporting  evidence,  new 
ideas,  and  new  approaches. 

4.  ON  THE  NATURE  OF  BONDING 

In  bonding  of  materials  the  unfilled 
outermost  electron  shells  are  involved  [6]. 
Elements  that  have  eight  electrons  in  the  outer 
most  shell  (stable  octet)  are  stable  and  do  not 
form  bonds  with  other  elements  easily. 
Elements  with  unfilled  electron  shells  are  not  as 
stable  and  interact  with  other  atoms  in  a 
controlled  manner  such  that  the  electrons  are 
shared  or  exchanged  between  the  atoms  to 
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achieve  stable  octet.  This  results  In  the  three 
primary  interatomic  bonds  exhibited  by  most 
solids,  namely,  metallic,  ionic,  and  covalent. 

Metallic  bonding  is  the  predominant 
bond  mechanism  for  metals.  It  is  also  referred  to 
as  electronic  bonding  because  of  the  valency 
electrons  that  are  freely  shared  by  all  the  atoms 
in  the  structure.  Mutual  electrostatic  repulsion 
of  the  negative  charges  of  the  electrons  keeps 
their  distribution  statistically  uniform  throughout 
the  structure.  It  is  the  mutual  attraction  of  all  the 
nuclei  In  the  structure  for  this  same  cloud  of 
shared  electrons  that  results  in  the  metallic 
bond.  As  the  valence  electrons  in  a  metal 
distribute  themselves  uniformly  and  since  all 
atoms  are  of  the  same  size,  closed  packed 
structures  result.  Since  close  packed 
structures  contain  numerous  slip  planes  along 
which  movement  can  occur  during  polishing, 
plastic  deformation  will  be  the  predominant 
mode  of  material  removal  in  the  case  of  metals. 

Ionic  bonding  occurs  when  one  atom 
gives  up  one  or  more  electrons  and  another 
atom  or  atoms  accept  these  electrons  such  that 
electrical  neutrality  is  maintained  and  each  atom 
achieves  a  stable  octet.  Ceramic  materials  are 
either  Ionic  or  covalent  bonded  although  many 
of  them  possess  a  combination  of  ionic  and 
covalent  bonding.  The  ciystal  structure  of  an 
ionically  bonded  material  is  determined  by  the 
number  of  atoms  of  each  element  required  for 
electrical  neutrality  and  the  optimum  packing 
based  on  the  relative  sizes  (ionic  radius)  of  the 
ions.  Most  of  the  ionic  structures  appear  close 
packed  and  the  bonding  is  nondirectional.  The 
degree  of  ionic  character  can  be  estimated 
using  the  electronegativity  scale  developed  by 
Pauling.  The  larger  the  electronegativity 
difference  between  atoms  in  a  compound,  the 
larger  the  degree  of  ionic  character.  Ionic 
compounds  with  more  highly  charged  tons  have 
stronger  bonds  and  thus  have  higher  strength, 
higher  melting  temperature,  and  higher 
hardness,  e.g.  alumina,  zirconia.  Material 
removal  by  microcleavage  or  microfracture  may 
be  the  predominant  mode  of  failure  than  by 
plastic  deformation.  In  the  case  of 
polycrystalline  materials,  fracture  and  grain 
dislodgement  may  account  for  most  of  the 
material  removal  in  polishing. 


Covalent  bonding  occurs  when  two  or 
more  atoms  share  electrons  such  that  each 
achieves  a  stable  octet.  Unlike  metallic  or  tonic 
bonds,  covalent  bonds  are  directional.  Each 
covalent  bond  consists  of  a  pair  of  electrons 
shared  between  two  atoms  which  produces 
directionality  of  the  bond.  Bonding  of  carbon 
atoms  in  diamond  is  an  example  of  classical  100 
%  covalent  bond.  Silicon  carbide  (90  %)  and 
silicon  nitride  (75  %)  have  significant  fractions  of 
covalent  bonding  while  Si02  is  50  %  ionic  and 
50  %  covalent.  Covalent  bonded  ceramics, 
depending  on  the  strength  of  the  bond  and  the 
nature  of  the  structure,  typically  are  hard, 
strong,  and  have  high  melting  temperatures. 
Microcleavage  and  microchipping  are  the 
predominant  modes  of  failure  in  these  materials 
rather  than  plastic  deformation.  In  the  case  of 
silicon  nitride,  due  to  strong  covalent  bonding, 
plastic  deformation  may  not  be  the  preferred 
mode,  instead  microchipping  would  be  the 
mode  of  failure.  However,  the  flow  in  this 
material,  reported  by  many  researchers,  may  in 
fact  be  due  to  the  viscous  flow  of  the  glassy 
phase  at  the  grain  boundaries.  In  the  case  of 
polishing  diamond,  Tolkowsky  [7]  conducted 
extensive  studies  and  concluded  that  material  is 
removed  during  the  process  by  micro-cleavage 
and  that  the  abrasion  resistance  of  the  diamond 
is  dependent  on  the  position  of  the  cleavage 
planes  relative  to  the  surface  being  polished. 
Wilks  and  Wilks  [8]  developed  a  block  model 
illustrating  the  mechanism  of  material  removal  in 
polishing  diamond.  Accordingly,  the  polished 
surface  of  diamond  is  formed  by  a  process  of 
brittle  fracture  on  a  microscopic  scale.  Hence, 
the  surface  left  by  the  removal  of  material  will  be 
rough  and  jaggered  on  a  microscale  with 
rugosites  delineated  at  least  to  some  extent  by 
[111]  cleavage  planes. 

From  the  above  discussion  on  the 
nature  of  bonding  in  different  materials,  it  is 
clear  that  metals  should  behave  differently  than 
ceramics  during  polishing.  The  former  fails 
predominantly  by  plastic  deformation  while  the 
latter  by  microchipping  or  microcleavage,  grain 
boundary  cracking,  and  grain  dislodgements, 
etc.  The  presence  of  grain  boundary  glassy 
phase  in  some  ceramics,  as  in  the  case  of  silicon 
nitride  with  an  MgO  sintering  aid,  should  not  be 
overlooked  in  formulating  the  mechanism  of 
failure.  Similarly,  glasses,  though  brittle  like 
ceramics,  should  behave  entirely  different  than 
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either  metals  or  ceramics  as  the  structure  in  the 
former  case  is  amorphous.  At  room 
temperature,  failure  should  occur 
predominantly  by  brittle  fracture  and  above  the 
glass  transition  temperature  by  viscous  flow. 
Thus  many  of  the  models  advanced  on 
polishing  of  glass  and  ceramics  based  on  the 
application  of  polishing  of  metals  should  be 
viewed  with  skepticism  and  need  to  be  rectified. 
It  is  the  objective  of  the  proposed  investigation 
to  address  this  problem  in  detail  and  present 
evidence  to  the  micromechanisms  of  material 
removal  in  polishing  of  advanced  ceramics  and 
glasses  before  proposing  a  mechanism  of 
polishing. 

5.  THEORETICAL  CONSIDERATIONS 

Fine  polishing  is  essentially  an 
interfacial  phenomenon  involving  mating 
surfaces  in  sliding  contact  under  the  conditions 
of  high  contact  pressures  and  high  spot 
temperatures.  Since  ceramics  are 
polycrystalline  materials  processed  from 
powders  using  sintering  or  hot-pressing 
techniques,  there  can  be  flaws  present  in  them 
at  various  levels  with  associated  effects  as 
followsil)  Stress  concentrations  in  the  lattice  -- 
movement  of  atoms,  microvoids,  and  crack 
nucleation;  2)  Grain  boundary  interactions  -- 
grain  boundary  sliding,  wedge  shaped  crack 
formation,  cavities,  grain  dislodgement, 
intergranular  fracture,  and  flow  of  glassy 
phases:  3)  Surface  defects  --  surface  atoms, 
surface  roughness,  adsorbed  species,  surface 
reactivity  and  mechano-chemical  reactions;  4) 
Indentation  by  abrasives  --  brittle  fracture  and 
viscous  flow.  In  crystalline  solids,  at  high 
temperature,  plastic  flow  is  a  possibility 

The  first  mechanism  which  was  not 
given  enough  attention  in  the  literature  is 
responsible  for  the  failure  of  the  solid  at  atomic 
and  costal  lattice  levels.  These  can  be 
theoretically  simulated  by  molecular  dynamics 
modelling  and  experimentally  verified  using 
AFM/STM.  The  next  mechanism  operates  at 
the  microstructural  level  and  indirectly  accounts 
for  major  part  of  the  material  removal.  The 
severity  of  the  damage  created  depends  upon 
whether  the  material  is  single  crystal  or 
polycrystalline  and  also  on  the  amorphous  (or 
glassy)  phases  contained  in  it.  Surface  defects 
and  mechano-chemical  action  operate  at  the 


interface  between  the  abrasive  and  the 
workpiece  and  can  result  in  very  smooth 
surfaces  of  the  order  of  a  few  nanometers. 
Finally,  indentation  scratching  is  the  process 
which  is  primarily  responsible  for  material 
removal  by  the  generation  of  lateral  and  ring 
cracks  in  the  material  (both  surface  and  sub¬ 
surface).  When  these  cracks  meet  at  the 
surface  of  the  workpiece  wear  fragment  results 
which  accounts  for  the  material  removal.  At  the 
macroscopic  level  this  can  be  regarded  as  the 
principle  mode  of  material  removal  under 
roughing  and  semifinishing  conditions. 

Stress  Concentrations  at  the  Atomic  Level  : 
Ionic  solids  contain  point  defects,  and 
substitutional  and  interstitial  impurities  which 
introduce  localized  stress  concentrations.  As 
compared  to  the  regular  lattice  constituents  the 
activities  and  chemical  potentials  of  atoms  as 
well  as  electrons  in  these  stressed  regions  are 
high  which  is  responsible  for  diffusional  mass 
transfer  at  moderate  temperatures  causing 
viscous/  plastic  flow.  However,  when  the  solid 
is  subjected  to  stresses,  these  localized  stress 
concentrations  act  as  discontinuities  in  the 
stress  field,  there  by  nucleating  microvoids 
which  can  grow  and  coalesce  leading  to  material 
removal  by  ductile  transgranular  fracture.  Pure 
covalent  solids  can  only  fail  by  brittle  cleavage 
fracture  which  occurs  due  to  tearing  of  atoms  on 
either  side  of  the  cleavage  plane. 

The  absence  of  plasticity  in  crystalline 
ceramics  can  also  be  traced  to  the  nature  of 
their  birxlings.  The  mechanism  of  plastic  flow  in 
materials  is  due  to  the  movement  of  the  line 
faults  in  the  crystal  structure  (dislocations)  over 
certain  crystal  planes  (slip  planes).  In  metals 
because  of  non-directional  metallic  bonding, 
extensive  movement  of  dislocations  can  take 
place  even  at  low  stresses.  In  covalent 
ceramics,  the  directional  bond  is  between 
specific  atoms,  leading  to  a  narrow  dislocation 
and  a  high  resistance  to  movement.  In  terms  of 
microscopic  parameters,  it  can  be  shown  that 
the  dislocation  width  is  given  by  a  function  of 
the  ratio  of  G/K  where  G  is  the  shear  modulus 
and  K  the  bulk  modulus  (1 6].  This  ratio  is  given 
by  G  /  K  =  3  (1-  2v)  /  2  (1  +  2  v),  where  n  is  the 
Poisson’s  ratio.  For  metals  v  is  about  0.3  and 
G/K  =  0.37,  whereas  in  ceramics  v  =  0.1  and  G/K 
=  1 .  Consequently,  the  yield  stress,  at  which 
dislocation  moves,  is  much  higher  for  ceramics 
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than  for  metals,  and  approaches  the  fracture 
stress.  Thus,  covalent  ceramics  are  brittle  in  the 
single  and  polycrystalline  state.  This  should  be 
the  case  with  silicon  nitride  ceramic  which  is 
predominantly  covalent. 

In  polycrystalline  ionic  materials,  the 
adjacent  grains  are  compelled  to  change  their 
shape  in  the  same  manner,  if  voids  are  not  to  be 
formed  at  the  boundaries,  von  Mises  showed 
that  this  requires  five  independent  slip  systems. 
A  slip  system  is  the  combination  of  a  slip  plane 
and  a  slip  direction  and  an  independent  system 
is  one  that  produces  a  deformation  that  cannot 
be  produced  by  a  combination  of  the  others. 
Whereas  metals  have  many  slip  systems,  ionic 
crystals  are  only  able  to  slip  on  a  limited  number 
of  slip  planes,  due  to  the  restriction  that  similarly 
charged  ions  must  not  be  forced  into  near- 
neighbor  positions  such  that  cohesion  would 
be  lost.  Consequently,  polycrystalline  ionic 
materials  are  brittle  with  cracks  forming  at  the 
grain  boundaries  instead  of  plastic  deformation. 

Grain  boundary  Effects: 

Grain  boundaries  constitute  weak  links 
in  polycrystalline  solids.  While  they  are  more 
cohesive  in  metallic  and  to  some  extent  in  ionic 
solids,  they  are  very  weak  in  covalent  solids.  A 
grain  boundary  can  be  considered  as  an 
interface  and  hence  the  tribological 
considerations  applicable  to  free  surfaces  can 
be  applied  to  them. 

Glassy  Grain  boundary  Phases:  Presence  of  a 
glassy  phase  at  the  grain  boundaries,  even  if  it 
is  in  a  few  volume  percent,  can  have  a  dominant 
influence  on  the  deformation  behavior  of 
polycrystalline  ceramics  due  to  one  or  more  of 
the  following  reasons:  I)  Above  the  glass 
transition  temperature  the  glassy  phase  can 
flow  in  a  viscous  manner  between  the  grain 
junctions  promoting  grain  boundary  sliding,  2). 
Since  the  liquid  phase  is  often  constrained  in 
pockets  at  triple  grain  junctions,  it  can  become 
stressed  in  hydrostatic  tension  and  cause 
cavitation.  3)  Grain  boundaries  can  become 
separated  by  the  lateral  growth  of  penny 
shaped  bubbles  in  the  liquid  film  when  a  tensile 
stress  is  applied  across  the  interface,  and  4) 
The  liquid  may  lead  to  accelerated  crack  growth 
along  the  interface  if  the  meniscus  along  the 


crack  front  becomes  unstable  and  breaks  into 
finger-like  morphology. 

Glassy  liquid  phases,  although  in  minor 
amounts,  are  always  present  at  the  grain 
boundaries  in  hot  pressed  silicon  nitride.  It  is 
possible  that  the  temperatures  and  stresses 
associated  with  the  machining  process  cause 
grain  boundary  sliding.  The  latter  can  produce 
large  tensile  stresses  at  triple  junctions  which 
will  produce  cavities  [17]  as  shown  in  Figure  4. 
The  arrow  C  shows  the  initiation  of  a  cavity  at  a 
triple  junction,  and  the  other  pair  of  arrows  show 
the  stress  concentration  arising  from  grain 
boundary  sliding.  The  absence  of  dislocations 
indicates  that  all  inelastic  deformation  is 
localized  to  the  glassy  liquid  phase  region. 

Grain  Pullout :  Typically  cracks  formed  during 
conventional  grinding  followed  by  polishing 
deteriorate  the  strength  of  ceramics.  Some  of 
these  cracks  are  so  deep  that  they  can  not  be 
removed  easily  during  further  finishing 
operations.  The  situation  becomes  further 
complex  in  the  case  of  silicon  nitride  or  silicon 
carbide  ceramics  which  are  processed  either  by 
reaction  bonding  or  by  hot  pressing.  Presence 
of  porosity  in  these  materials  gives  rise  to  flaws 
whose  size  can  be  larger  than  critical 
dimensions.  In  such  a  case,  even  moderate 
stresses  associated  with  the  grinding  and 
polishing  can  nucleate  cracks  at  pore  surfaces 
making  it  tear  shaped.  Further  grinding 
propagates  the  crack  which  eventually  links  the 
vartous  pores  causing  intergranular  fracture.  If, 
during  this  process,  sub-surface  cracks  are  also 
generated,possibly  along  the  cleavage  plane 
(0001),  then  the  entire  grain  itself  will  be 
scooped  off  the  surface  of  the  particle,  causing 
the  appearance  of  a  highly  porous  surface  with 
large  and  irregular  pores  (actually  pits)  due  to 
grain  pullout. 

Surface  Interactions:  Ceramics  are  ionically 
and/or  covalently  bonded  solids.  The  ionic 
bonds  are  nondirectional  similar  to  metallic 
bonds,  but  the  absence  of  free  electrons  give 
ionic  solids  a  brittle  nature.  The  strength  of  the 
ionic  bond  is  dependent  on  the  polarizing 
power  of  the  metallic  bns.  While  these  ions  are 
well  coordinated  inside  the  lattice,  their  charges 
are  not  screened  on  the  surfaces.  Thus,  the 
surface  of  any  ionic  compound  contains  firmly 
adherent  chemisorbed  films.  Similar  situation 
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exists  in  covalent  compounds  excepting  that 
the  chemisort)ed  films  are  more  firmly  held. 

Metal  ion  sites  on  the  surfaces  of  an 
ionic  solid  chemisorb  oxygen  from  the 
surround-ing  atmosphere.  This  results  in  a 
vacant  metal  site  on  the  surface.  Over  a  period 
of  time  the  surface  will  be  full  of  metal  vacancies, 
and  due  to  the  concentration  gradient  metal 
ions  diffuse  to  the  surface.  Thus  a  defective 
surface  layer  exists,  the  thickness  of  which 
depends  on  the  extent  of  interdiffusion  of 
oxygen  and  metal  ions  through  it.  In  any  case, 
the  outermost  surface  layers  of  oxide  formed 
will  still  have  metal  vacancies.  The  oxide  layer 
on  covalent  ceramics  will  be  thin,  and  firmly 
adherent  to  the  surface,  as  diffusion  through 
covalent  solids  is  extremely  difficult. 

When  a  ceramic  abrasive  particle 
collides  with  ceramic  workpiece,  as  in  polishing, 
it  is  really  the  defective  surfaces  that  come  into 
contact,  arrd  any  of  the  following  situations  can 
result: 

Ionic  Abrasive  and  Ionic  Work  Material:  If  the 
workpiece  is  harder  than  the  abrasive,  then  the 
metal  ions  In  the  workpiece  have  more 
polarizing  power,  smaller  radius,  and  higher 
charge  as  compared  to  metal  ions  in  the 
abrasive.  Therefore,  diffusion  proceeds 
towards  the  abrasive  particle  and  eventually 
metal  ions  of  the  work  piece  are  likely  to  be 
found  in  solid  solution  in  the  abrasive  particles 
when  the  wear  debris  is  analyzed.  Smaller  size 
of  the  abrasive  and  higher  temperatures  at  the 
contact  points  will  favor  the  material  removal  by 
solid  solution  formation.  If  there  is  no 
compatibility  between  both  the  metal  ions  then 
a  compound  formation  is  likely  to  take  place  at 
the  interface  and  the  material  removal  is 
possible  only  when  the  interface  between  the 
workpiece  and  the  compound  is  weak  and 
therefore,  is  fractured.  Finally,  if  the  abrasive 
can  collide  with  the  work  piece  with  a  very  high 
energy,  it  can  nucleate  a  crack  on  the  surface 
which  on  further  propagation  can  cause  material 
removal. 

If  silica  or  glass  is  involved  either  as  the 
work  piece  or  as  an  abrasive,  then  a  special 
situation  arises.  If  there  is  sufficient  force  to 
break  the  more  highly  stressed  bonds,  fracture 
and  deformation  can  occur  at  stress 
concentrations  in  directions  perpendicular  to 
the  resolved  tensile  stresses,  and  viscous 


deformation  can  occur  in  the  direction  of 
maximum  resolved  shear  stress.  The  cations 
within  a  glass  are  subject  to  diffusion  and 
exchange  just  as  they  are  in  a  crystalline  silicate, 
more  so  when  the  surface  to  volume  ratio  is 
large  (fine  abrasive  particles).  The  most 
common  exchange  is  between  sodium  ions  in 
the  glass  and  other  nrjonovalent  ions  such  as 
hydrogen  ions  from  water  or  moisture.  This 
exchange  leads  to  stress  concentrations  and 
nucleates  microcracks.  The  heat  generated  at 
the  contact  point  during  polishing  can  result  in  a 
chemical  reaction  between  the  abrasive  and  the 
glass.  While  the  anions  of  the  abrasive  enter 
the  glass  and  break  up  the  network,  the  cations 
will  occupy  the  interstices.  There  will  be  local 
viscosity  changes  which  can  result  in  material 
removal. 

Covalent  Abrasive  and  Ionic  Work  Material:  Hard 
covalent  abrasives  such  as  diamond  and  silicon 
carbide  are  often  used  to  polish  the  relatively 
softer  ceramics  and  glasses.  If  the  workpiece 
does  not  contain  any  flaws  or  stress 
concentrations  (which  is  highly  unlikely),  and  if 
the  applied  stresses  are  primarily  compressive 
which  are  resolved  into  shear  stresses 
superimposed  with  high  hydrostatic  pressures, 
it  is  possible  to  observe  plastic  deformation  by 
slip.  Tensile  stresses  on  the  other  hand  cause 
brittle  fracture. 

Heat  generated  at  the  contact  point 
between  the  abrasive  and  the  work  piece  can 
cause  diffusion  of  the  metal  ions  of  the  abrasive 
into  the  work  piece.  Depending  on  the  charge 
difference  of  both  the  metal  ions, 
compensating  defects  are  likely  to  be  formed  in 
the  surface  layers  of  the  work  piece  giving  rise 
to  stress  concentrations.  These  stress 
concentrations  can  nucleate  voids  which 
eventually  coalesce  leading  to  material  removal 
from  the  work  piece.  Also,  if  the  polishing 
conditions  are  gentle  and  if  the  abrasives  are 
ultrafine,  it  is  possible  to  remove  the  material  by 
chemo-mechanical  reactions. 

Covalent  Abrasive  and  Covalent  Work  Material 
There  are  only  two  possibilities.  Either  of  the 
materials  fracture  by  crack  propagation,  or  if  the 
polishing  conditions  are  gentle  and  the  abrasive 
is  fine,resulting  in  the  surfaces  interaction  by 
chemo-mechanical  action  results,  leading  to 
material  removal. 
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It  is  by  now  evident  that  indentation  by 
abrasives  is  the  primary  cause  which  leads  to 
such  effects  as  brittle  failure  by  crack 
propagation,  or  plastic  deformation.  The  real 
responsibility  for  the  material  removal  rests  with 
the  defects  at  the  surface  or  near-surface, 
microstructural,  and  substructural  levels.  In  the 
proposed  investigation  an  attempt  will  be  made 
to  link  these  aspects  and  arrive  at  a  unified 
mechanistic  model  to  explain  the  observed 
material  removal  during  polishing. 

If  the  solid  that  is  being  fine  finished 
contains  preexisting  cracks  or  pits  from  the 
abrasive  machining  process,  which  is  usually 
the  case,  then  the  polishing  technique  can  only 
result  in  smoother  surface  but  with  the  original 
pits  enlarged  and  the  cracks  expanded.  The 
polished  surface  is  most  likely  to  reveal  huge 
pits  some  times  linked  by  wide  cracks.  Further 
removal  of  the  material  by  polishing  can  only 
worsen  the  situation.  Therefore,  it  is  proposed 
to  use  polishing  techniques  with  less 
mechanical  force,  such  as  chemo-mechanical 
polishing,  or  use  of  magnetic  fluids  dispersed 
with  active  abrasive  powders  that  can  cause 
chemo-mechanical  action  which  can  yield 
better  finish. 

6.  ADVANCED  CERAMICS  AND 

GLASSES  AS  WORK  MATERIALS 

Advanced  ceramics  and  glasses  of 
interest  include  alumina,  silicon  nitride,  silicon 
carbide,  zirconia,  and  representative  glasses. 
The  nature  of  some  of  these  materials  will  be 
briefly  discussed  in  the  following; 

Silicon  Nitride 

Silicon  nitride,  has  for  some  time  been 
at  the  forefront  of  developments  in  high- 
strength,  high-temperature  materials  because 
of  the  possibility  of  using  it  in  the  development 
of  more  efficient,  ceramic  gas  turbine  able  to  run 
at  temperatures  far  beyond  the  capability  of 
conventional  superalloys  currently  used.  In 
addition,  silicon  nitride  is  also  being  used  as 
balls  and  rollers  in  hybrid  bearing  applications. 

Silicon  nitride  is  predominantly  a 
covalent  (75  %)  solid  built  up  of  Si3N4- 
tetrahedra  joined  in  a  three  dimensional 
network  by  sharing  corners  p-Si3N4  has  a 
hexagonal  structure.  Although  it  was  originally 


believed  that  an  a-form  exists  that  form  was 
found  to  be  a  defective  silicon  nitride  containing 
one  oxygen  for  every  30  nitrogen  atoms,  and  is 
therefore  regarded  as  an  oxynitride.  Silicon 
nitride  can  be  processed  by  sintering,  reaction 
bonding,  hot-pressing,  and  HIP’ing.  Yttria  or 
magnesia  are  the  common  sintering  aids. 
During  the  high-temperature  hot-pressing  of 
silicon  nitride  with  small  amounts  of  MgO 
addition,  a  complex  glassy  phase  is  found  to 
form  at  the  grain  boundaries.  It  is  primarily  a 
magnesium  silicate  modified  by  Ca,  Fe,  Al,  and 
other  impurities  initially  present  in  Si3N4.  At 

temperatures  around  1100  grain  boundary 
sliding  occurs  under  loading.  Additions  of  yttria 
to  Si3N4,  generally  leads  to  a  crystallization  in 
the  glassy  phase  at  the  grain  boundaries 
instead  of  pure  glassy  phase  with  MgO. 
However,  the  oxidation  resistance  of  this 
material  was  found  to  be  inferior  to  those  with 
MgO  additions  [9].  For  this  reason,  MgO  added 
Si3N4  is  increasingly  used  in  high  temperature 
applications. 

Hot-pressed  Si3N4  is  produced  either 
by  conventional  uniaxial  hot-pressing  or 
HIP'ing.  One  starts  with  an  a-Si3N4  powder 
and  adds  a  densification  aid,  such  as  MgO, 
Y2O3  or  SiBeN2.  Under  pressures  of  14  MPa 

and  temperature  in  the  range  of  1650  °C  to 
1750  some  of  the  a-Si3N4  reacts  with  the 
additive  and  the  thin  layer  of  Si02  that  coats 
each  particle  of  Si3N4,  producing  a  liquid 
silicate  in  which  the  remaining  a-Si3N4 
dissolves  and  re-precipitates  as  elongated  p- 
Si3N4  grains.  On  completion  of  the  a  to  P 
transformation,  the  elongated  p-grains  are 
surrounded  with  residual  silicate  oxynitride  grain 
boundary  phase.  The  elongated  nature  of 
these  grains,  that  are  typically  0.5  to  4  pm,  gives 
hot-pressed  Si3N4  its  high  strength. 

The  apparent  limitations  of  the  hot- 
pressed  Si3N4  are  due  to  the  nature  of  the 
grain  boundary  phase  and  not  intrinsic  to  the 
Si3N4  [10].  So.  attention  was  focussed  on 
controlled  modification  of  the  grain  boundary  , 
such  as  grain  boundary  crystallization  in  hot- 
pressed  Si3N4  with  Y2O3  additions.  While 
such  a  modification  was  found  to  provide  higher 
strength  at  both  room  and  elevated 
temperature  (  1400  ®C)  as  well  as  better  creep 
and  oxidation  resistance,  this  materia!  was 
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found  to  suffer  from  an  intermediate 
temperature  oxidation  (1000  °C)  problem.  This 
material  is  also  found  to  be  difficult  to  finish  by 
grinding  and  polishing.  Consequently, 
complex  parts  made  of  this  material  are  rather 
expensive,  once  again  shifting  the  emphasis  to 
Si3N4  with  MgO  additions. 

Relatively  pure  Si3N4  material  was 
found  to  be  elastic  to  fracture  exhibiting 
practically  no  plasticity.  This  is  understandable 
in  view  of  the  predominantly  non-ionic  nature  of 
bonding  in  this  material.  Impurities  in  the 
material  seem  to  enter  into  the  grain  boundary 
glassy  phase  and  lower  its  viscosity.  Thus  the 
high-temperature  mechanical  properties  of  hot- 
pressed  Si3N4  appear  to  be  controlled  by  the 
viscous  grain  boundary  phase,  the  viscosity  at  a 
particular  temperature  being  controlled  by 
impurities,  and  more  than  likely,  the  hot- 
pressing  aid.  Grain  boundary  sliding  is  the 
suggested  mechanism  for  subcritical  crack 
growth,  plasticity,  and  creep. 

Glasses 

Glasses  are  a  class  of  inorganic 
materials  whose  physical  state  is  intermediate 
between  a  liquid  and  a  solid.  They  are  mainly 
silicates  or  borates  containing  metallic  ions.  In 
contrast  with  other  solid  materials,  which  are 
crystalline,  glasses  are  non-crystalline 
(amorphous  or  vitreous).  Glasses  can  be 
distinguished  from  a  supercooled  liquid  in  that 
the  latter  has  nearest  neighbor  atoms  that  are 
randomly  organized.  In  other  words,  there  is  a 
short  range  order  in  glass  but  no  long  range 
order  (or  periodicity)  as  in  other  crystalline 
materials.  On  cooling  a  liquid  to  the  glassy  state 
there  is  no  crystallization  and  no  continuous 
change  in  specific  volume  and  mechanical 
properties.  However,  a  transition  at  the  glass 
transition  temperature,  does  occur  in  some 
properties.  Rigidity  in  a  glass  is  achieved  by  a 
steady  state  increase  of  viscosity  with  falling 
temperature.  The  glassy  state  is  a  non¬ 
equilibrium  one  and  is  only  achieved  because 
crystallization  is  prevented  by  rapid  cooling 
through  a  temperature  range  just  below  the 
thermodynamic  freezing  point,  i.e.,  the 
temperature  at  which  crystalline  phases  would 
start  to  form  if  time  were  allowed  for  equilibrium. 
The  basis  unit  of  the  glasses  is  a  tetrahedron 
with  the  small  silicon  ion  surrounded  by  four 


oxygen  anions.  In  the  glassy  state  adjacent 
tetrahedra  share  corner  oxygen  atoms  to  form 
an  irregular  three-dimensional  network.  Glass  is 
a  Hookean  solid  if  loaded  quickly  and  a 
Newtonian  liquid  under  slow  rates  of 
deformation.  Whether  a  glass  is  behaving 
predominantly  elastically  or  viscously  depends 
on  the  duration  of  the  loading  in  relation  to  the 
relaxation  time.  At  room  temperature  under 
short  term  toading  glass  is  elastic  to  fracture. 
Because  of  the  inability  of  glass  to  deform 
plastically  the  high  local  stress  at  the  tip  of  the 
crack  causes  it  to  propagate  at  a  very  rapid  rate, 
the  small  energy  of  the  fracture  surfaces  being 
obtained  entirely  from  the  elastic  energy 
surrounding  the  material.  Above  the  glass 
transition  temperatures  (400-600  *^C)  the 
viscosity  is  reduced  significantly  and  glass 
behaves  as  a  viscous  fluid  at  normal  rates  of 
straining. 

7.  METHODS  OF  FINISHING 
ADVANCED  CERAMICS 

Conventional  Polishing 

Conventionally,  ceramic  and  glass 
components  are  finished  using  diamond 
abrasive  grinding  and  diamond  lapping.  These 
operations,  although  give  smooth  surface 
finish,  result  in  several  flaws  such  as  pits, 
subsurface  cracks  which  affect  the  intended 
performance  of  the  components.  The  last 
decade  has  seen  the  emergence  of  new 
manufacturing  techniques  for  the  finishing  of 
ceramics  and  glasses  to  a  mirror  finish, 
particularly  in  Japan.  To  day,  considerable  work 
is  in  progress  on  the  magnetic  field  assisted 
polishing  and  mechano-chemical  polishing 
which  are  all  employed  for  the  finish  polishing  of 
ceramics  and  glasses. 

Ultra  Fine  Polishing  Techniques. 

Mirror  finish  on  a  component  is 
achieved  by  the  progressive  removal  of  the 
surface  undulations  using  abrasive  grains.  The 
traditional  polishing  methods  employ  large 
abrasive  grains  (a  few  micrometers  in  diameter) 
and  high  polishing  forces  which  generate  flaws 
and  deep  scratches  affecting  the  performance 
of  the  glass  and  ceramic  components.  As  a 
solution  to  this  problem,  novel  precision 
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polishing  techniques  using  abrasives  in  a 
magnetic  fluid,  or  soft  abrasives  in  mechano- 
chemidal  polishing,  highly  active  fine  abrasives 
under  gentle  forces  in  'gentle'  grinding  were 
developed.  The  latter,  presumably  takes  place 
due  to  mechano-chemical  reactions  at  the 
contacting  surfaces  between  the  abrasive  and 
the  work  material. 

Mechano-Chemical  Polishing 

In  order  to  avoid  scratches  or  grinding 
damage  in  brittle  materials,  a  novel  polishing 
principle  based  on  the  use  of  abrasives  softer 
than  the  workpiece  was  developed  [10].  In  this 
technique,  a  hard  brittle  material  (e.g.  most 
ceramics  and  some  semiconducting  materials, 
such  as  silicon)  is  polished  with  a  softer 
abrasive.  Since  such  an  abrasive  cannot 
damage  or  scratch  the  workpiece,  the 
technique  yields  damage  free  and  scratch  free 
surfaces.  Even  though  the  abrasive  used  in 
this  method  is  soft,  the  rate  of  material  removal 
is  often  comparable  to  that  achieved  with  the 
harder  abrasives.  One  proposed  explanation  is 
that  chemical  reactions  activated  by  mechanical 
action  occur  at  the  points  of  contact  between 
the  abrasives  and  workpiece  because  such 
contact  points  are  subjected  to  high  contact 
temperatures  and  pressures.  This  new  method 
has  been  named  as  mechano-chemical 
polishing  or  chemo-mechanical  polishing  [11]. 

Mechano-chemical  polishing  method 
combines  chemical  and  mechanical  actions 
between  soft  abrasive  grains  and  harder  work 
material  for  providing  smooth  surface  finish.  A 
typical  model  of  the  mechano-chemical  reaction 
is  shown  in  Figure  1.  It  shows  the  activation  of 
chemical  reaction  between  a  soft  abrasive  and  a 
hard  work  material  at  the  contacting  points  (i.e. 
in  the  micro-reaction  zone)  where  high 
temperatures  and  high  pressures  are 
generated.  After  the  reaction,  the  reaction 
product  is  removed  along  with  the  soft  abrasive 
grain  due  to  mechanical  forces.  Therefore,  this 
mechanism  can  be  controlled  by  controlling  the 
mechano-chemical  reaction  rates, i.e.,  by 
selecting  a  proper  combination  of  soft  abrasive 
grains  and  hard  work  material,  and  sliding 
conditions  such  as  polishing  pressure,  contact 
temperature  and  sliding  speed. 

Chemo-mechanical  polishing  was 
demonstrated  for  the  polishing  of  single  crystals 


of  silicon,  quartz,  alumina,  silicon  nitride,  and 
silicon  carbide  [12-15].  Vora  et  al.[12]  reported 
a  damage  and  scratch-free  polishing  method  for 
silicon  nitride  using  iron  oxides  (Fe203  and 
Fe304).  Suga  et  al.[14,15]  made  a  survey  of 
other  oxides  and  discovered  that  Cr203  is  a 
more  suitable  abrasive  for  chemo-mechanical 
polishing  of  silicon  nitride. 

8.  RESULTS 

As  pointed  out  earlier,  some 
researchers  consider  the  mechanism  of  material 
removal  in  grinding  at  low  depths  of  cut  due  to 
plastic  deformation  of  the  ceramic.  However, 
the  arguments  are  somewhat  circuitous  and  the 
evidence  is  far  from  direct.  With  this  in  view  we 
have  examined  a  range  of  glasses  and  ceramic 
materials  to  investigate  the  mechanism  of 
material  removal.  Figure  2  (a)  is  a  glass  surface 
ground  on  a  Rank-Pneumo  sub-micron 
diamond  grinding  machine  (ASG  2500)  using  a 
diamond  grinding  wheel.  The  surface  finish  is 
considered  excellent  and  of  optical  quality.  To 
the  naked  eye,  the  surface  appears  highly 
polished  and  smooth.  The  surface  roughness 
is  32.23  nm  (rms).  However,  on  careful 
examination  in  the  environmental  scanning 
electron  microscope  (ESEM)  which  neither 
requires  the  sample  to  be  conductive  nor  a 
conducting  coating  for  non-conducting 
materials,  we  find  the  surface  to  be  far  from 
smooth.  We  observed  several  pits  and  parallel 
grooves  corresponding  to  the  feed  marks  of  the 
grinding  wheel  made  during  the  cross  feed  of 
the  diamond  wheel  past  the  glass  surface 
[Figure  2  (a)].  At  higher  magnification,  it  appears 
that  some  of  the  pits  are  filled  by  material  [Figure 
2  (b)]  smeared  over  them.  The  visco-plastic 
nature  of  the  glass  may  play  an  important  role  in 
the  material  removal  mechanism.  We  have  then 
examined  the  surface  using  a  ZYGO  laser 
interference  microscope  using  a  20  x  Fizeau 
lens.  The  peak  to  valley  distance  is  about  306 
nm  and  the  rms  finish  is  about  32.23  nm. 

Figure  3  (a)  is  a  scanning  electron 
micrograph  of  a  glass  ball  polished  by  magnetic 
float  polishing.  The  surfaces  of  these  balls  are 
very  smooth  but  in  some  areas  pits  are  formed 
by  microfracture  [Figure  3  (b)].  Note  also  the 
fine  scratches,  the  nature  of  which  would  be  of 
interest  in  the  analysis.  Figure  4  (a)  is  a 
scanning  electron  micrograph  of  an  aluminum 
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oxkJe  ball  polished  by  conventional  methods.  It 
can  be  seen  that  the  finished  surface  contains 
several  pits.  Figure  4(b)  is  a  scanning  electron 
micro-graph  of  a  pit  at  higher  magnification 
showing  dislodgement  of  individual  crystallites. 
In  addition,  submicron  sized  scratches  in 
random  directions  can  be  seen.  These  appear 
to  be  responsible  for  the  finishing  of  the  balls 
while  the  formation  of  large  pits  appear  to  be 
responsible  for  material  removal.  However, 
once  these  pits  are  formed,  the  polishing 
process  for  finishing  requires  that  all  these  pits 
be  removed  which  would  be  a  time  consuming 
process  involving  several  hundred  hours  as 
currently  experienced.  It  may  be  necessary  to 
investigate  alternate  strategies  for  obtaining  the 
required  finish  by  not  damaging  the  surfaces  so 
severely  by  the  formation  of  multitude  of  pits 
during  rough  polishing. 

The  smooth  surfaces  obtained  in 
grinding  Si3N4  with  fine  diamond  abrasive  is 
interpreted  by  some  researchers  as  the  change 
in  the  mechanism  of  material  removal  from  brittle 
to  ductile.  It  should,  however,  be  noted  that 
Si3N4  ceramics  have  a  glassy  phase  and  the 
smooth  surface  can  be  due  to  viscous  flow  of 
the  glassy  phase  on  the  surface  of  the  ceramic. 
In  fact,  when  examined  in  the  electron 
microscope,  this  layer  appears  as  a  transparent 
layer. 
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^ - Direction  of  Movement 


Rg.  1  Model  of  the  mechano-chemical  process  (after 
Yasunaga  et  al  [11]} 


Fig.  2  (a)  Scanning  electron  micrograph  of  a  glass  surface 
finished  by  ultra-predsion  gnnding 


Fig.  2(b)  Scanning  electron  micrograph  at  higher 
magnification  of  a  glass  surface  finished  by  ultra- 
predsion  grinding  showing  filling  of  some  pits. 
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Rg  3(a)  Scanning  electron  micrograph  of  a  glass  ball  Fig.  4(a)  Scanning  electron  micrograph  of  an  alumina 
polished  by  magnetic  float  polishing  showing  pits  cerarnic  polished  by  conventional  techniques 

formed  by  fracture.  showing  numerous  pits 


Rg.  3  (b)  Scanning  electron  micrograph  of  a  glass  ball  at 
higher  magnification  showing  random  scratches 
fonrned  dunng  polishing. 


Fig.  4(b)  Scanning  electron  rriicrograph  at  high  mag¬ 
nification  showing  dislodgment  of  individual 
crystallites 
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APPENDIX  G 


ON  THE  MATERIAL  REMOVAL  MECHANISMS  IN 
POLISHING  OF  ADVANCED  CERAMICS 


N.  Umehara  and  R.  Komanduri 
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ON  THE  POSSIBILITY  OF  CHEMO-MECHANICAL  ACTION  IN  MAGNETIC  FLOAT 

POLISHING  OF  SILICON  NITRIDE 


M.  Raghunandan,  N.  Umehara,  and  R.  Komanduri 
Mechanical  &  Aerospace  Engineering 
Oklahoma  State  University 
Stillwater,  OK  74074 


ABSTRACT 

Chromium  oxide  abrasive  has  been  reported  in  the  literature  to  provide  efficient 
chemo-mechanical  polishing  action  for  silicon  nitride  ceramic.  Since  aluminum  oxide  and 
chromium  oxide  abrasives  are  nearly  of  the  same  hardness,  magnetic  float  polishing  tests 
were  conducted  on  silicon  nitride  balls  with  these  two  abrasives  to  investigate  mechanical 
versus  chemo-mechanical  aspects  of  polishing.  Tests  results  show  higher  removal  rates 
and  smoother  surface  texture  (with  fewer  pits)  with  chromium  oxide  abrasive  compared  to 
aluminum  oxide  abrasive.  Formation  of  pits  due  to  brittle  fracture  seems  to  be  the  more 
predominant  mode  of  material  removal  with  aluminum  oxide  abrasive  than  with  chromium 
oxide  abrasive.  While  there  may  be  some  mechanical  action  (abrasion)  with  chromium 
oxide  abrasive  initially,  subsequent  removal  is  believed  to  be  due  to  chemo-mechanical 
action.  This  could  be  due  to  degeneration  of  the  chromium  oxide  abrasive  (both  mechanical 
and  chemical)  during  polishing.  Various  hypotheses  for  the  material  removal  mechanism 
(both  mechanical  and  chemo-mechanical)  were  considered.  Based  on  that,  the  higher 
removal  rates  and  smoother  surface  texture  on  the  silicon  nitride  balls  with  chromium  oxide 
abrasive  in  semifinish  polishing  is  interpreted  here  as  possibly  due  to  chemo-mechanical 
action.  Higher  chemical  stability  of  aluminum  oxide  abrasive  (compared  to  chromium 
oxide  abrasive)  and  the  known  role  of  chromium  oxide  as  a  catalyst  for  the  oxidation  of 
silicon  nitride  are  some  of  the  reasons  attributed  for  this  action. 
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1.  INTRODUCTION 


Advanced  ceramics,  such  as  aluminum  oxide,  zirconia,  silicon  nitride,  and  silicon 
carbide  are  difficult  materials  to  finish  by  conventional  grinding  and  polishing  in  view  of 
their  high  hardness  and  low  fracture  toughness.  Brittle  fracture  rather  than  plastic 
deformation  would  be  the  dominant  mode  of  material  removal  under  normal  grinding 
conditions.  Unfortunately,  the  failure  of  these  materials  is  generally  initiated  from  the 
surface  and  the  defects  on  the  surface  play  a  significant  role  on  the  life  and  reliability  of 
parts  made  of  these  materials.  However,  the  extent  of  damage  due  to  brittle  fracture  can  be 
minimized  significantly  by  'gentle'  grinding  and  polishing  using  submicron  abrasives 
where  the  material  removal  is  limited  to  low  depths  of  cut  (a  few  nanometers  or  less)  and 
consequently  low  levels  of  force  (on  the  order  of  1  N  or  less  per  ball). 

2.  FACTORS  AFFECTING  FINE  MATERIAL  REMOVAL  IN 
ADVANCED  CERAMICS 

In  finishing  of  advanced  ceramics,  the  material  response  to  the  process  is  an 
important  factor  that  affects  the  quality  of  the  surface  generated.  The  material  response  in 
turn  depends  on  the  magnitude  and  size  of  the  stress  field  as  well  as  the  response  of  the 
work  material-abrasive-environment  combina-tion  under  the  conditions  of  the  operation. 
Kim  et  al  [1986]  investigated  the  wear  mechanisms  of  various  ceramics  in  dry  rolling 
friction  and  found  the  brittle  fracture  to  dominate  in  the  wear  process.  The  wear  process 
under  these  conditions  can  be  considered  to  be  similar  to  the  material  removal  during 
polish-ing  or  'gentle'  grinding  in  many  respects  including  the  loads,  Hertzian  contact  area, 
chemo-mechanical  effects,  size  of  the  debris  etc.  Yoshikawa  [1967]  conducted  pioneering 
studies  on  the  brittle-ductile  behavior  of  crystal  surfaces  in  finishing.  Since  then,  many 
researchers  have  been  addressing  this  issue  in  ultraprecision  machining,  'gentle'  or 
'ductile'  grinding,  and  polishing  [Xu  and  Jahanmir,  1994;  Subramanian  and  Ramanath, 
1992;  Bifano  et  al,  1991;  Jahanmir  et  al,  1992]. 

Yoshikawa  [1967]  considered  the  size  of  the  stress  field  in  terms  of  'working 
units'  and  classified  it  into  four  domains  as  shown  in  Figure  1.  Each  domain  is 
characterized  by  the  defect  structure  which  either  preexists  or  has  been  generated  by  the 
processing  method. 

According  to  Yoshikawa  in  domain  I,  the  material  removal  is  considered  only  on 
the  order  of  a  few  atoms  or  molecules.  Material  removal  of  this  order  could  not  possibly 
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occur  by  pure  mechanical  action.  Chemical  action  enhanced  by  mechanical  stress  and 
temperature  may  play  an  important  role  in  the  material  removal  process  in  this  domain. 

In  domain  II,  where  no  dislocations  or  cracks  exist,  a  crystal  should  behave 
mechanically  as  an  ideal  crystal.  Theoretical  considerations  indicate  that  under  a  given  load 
the  crystal  surface  in  this  domain  should  give  rise  to  the  generation  of  dislocations  prior  to 
brittle  fracture.  After  the  generation  of  dislocations,  the  crystal  is  assumed  to  behave  as  in 
domain  III. 

In  domain  III,  with  only  dislocations  present,  plastic  deformation  occurs  first,  some 
amount  of  which  will  allow  cracks  to  nucleate  in  the  deformation  zone. 

In  domain  FV,  the  defects  due  to  cracks  is  the  dominant  factor. 

Of  course,  this  classification  is  for  an  ideal  single  phase  material  with  no  preexisting 
defect  structure,  such  as  point  defects,  dislocations,  grain  boundaries,  presence  of  a  second 
phase,  microcracks,  or  voids.  The  presence  of  these  defects  will  no  doubt  alter  the  mode 
of  material  removal  in  all  the  domains.  However,  it  appears  reasonable  to  assume  that  at 
fine  depths  of  removal,  chemo-mechanical  action  may  play  a  dominant  role  in  'gentle' 
grinding  and  polishing,  followed  by  plastic  deformation/microfracture  depending  on  the 
conditions  of  polishing.  This  is  especially  so  when  proper  choice  is  made  of  the  abrasive 
and  the  environment  for  a  given  work  material  and  the  conditions  of  fine  material  removal, 
such  as  pressure  and  temperature  which  are  conducive  to  this  action. 

3.  CHEMO-MECHANICAL  POLISHING 

The  mechanical  removal  rate  of  advanced  ceramics  in  grinding  and  polishing  is 
dependent  on  one  hand  on  the  type  and  hardness  of  the  abrasive,  its  grain  size  etc.  and  on 
the  other  on  the  force  per  grain  of  the  abrasive  on  work  material.  Thus,  rough  grinding 
with  a  hard  abrasive  can  yield  high  removal  rates  by  extensive  brittle  fracture  at  the  expense 
of  surface  quality.  'Gentle'  grinding  or  polishing  with  submicron  super  abrasive  may  yield 
superior  surface  quality  at  the  expense  of  the  removal  rate.  The  removal  rate  when 
polishing  silicon  nitride  work  material  will  be  much  lower  with  conventional  abrasives 
(such  as  aluminum  oxide,  silicon  carbide)  which  are  much  softer  than  super-abrasives  (e.g. 
diamond)  but  considerably  less  expensive.  Alternately,  the  material  removal  rate  can  be 
increased  to  some  extent  without  causing  significant  damage  to  the  finished  component  by 
combining  mechanical  action  with  chemical  action.  Such  a  process  is  called  tribo-chemical 
polishing  [Heinicke,  1984].  It  is  also  termed  mechano-chemical  or  chemo-mechanical 
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polishing  [Fischer,  1988].  In  this  paper  these  terms  are  used  somewhat  interchangeably 
with  preference  to  the  term  ‘chemo-mechanical’  at  the  begining  of  the  term  to  emphasize  the 
chemical  effect  The  material  removal  by  this  process  is  believed  to  be  at  the  molecular  level 
thereby  yielding  a  smooth  surface  instead  of  the  classical  removal  (by  mechanical  action)  of 
entire  particles  by  brittle  fracture  resulting  in  pitting  on  the  surface  with  most  ceramics. 
Often,  the  formation  of  a  reaction  layer  and  its  removal  controls  the  process.  Also,  the 
dissolution  of  the  reaction  products  in  the  carrier  fluid  plays  a  role. 

Chemo-mechanical  action  depends  on  the  availability  for  a  short  duration  of  time 
certain  threshold  pressure  and  temperature  at  the  contact  zone  of  the  polishing  process 
provided  a  chemical  reaction  layer  can  form  by  the  interaction  of  the  abrasive,  work 
material,  and  the  environment  (Figure  2  [Yasunaga  et  al,  1978]).  The  exact  values  of 
pressure  and  temperature  depend  on  the  type  of  reaction  product  that  can  form  which  is 
subsequently  removed  by  the  mechanical  action.  This  way  higher  removal  rate  can  be 
accomplished  without  causing  damage  due  to  brittle  fracture  to  the  ceramic  work  material. 
Also,  softer  abrasives  (softer  than  the  work  material)  can  be  used  in  cases  where  a  reaction 
product  can  be  formed  between  the  abrasive  and  the  work  material.  This  method  is 
expected  to  overcome  many  problems  of  surface  damage,  such  as  pitting  due  to  brittle 
fracture,  dislodgment  of  grains,  scratching  due  to  abrasion  etc.  associated  with  harder 
abrasives  resulting  in  smooth,  damage-free  surfaces  on  ceramics.  However,  if  chemo- 
mechanical  reaction  products  remain  on  the  surface  or  diffuse  into  the  work  material,  they 
may  affect  the  performance  and  reliability  of  the  product  in  subsequent  use.  So,  it  is 
necessary  to  ensure  that  chemo-mechanical  action  generates  the  reaction  product  but  this 
reaction  product  is  completely  removed  from  the  ceramic  work  material,  i.e.,  at  the  surface 
as  well  as  subsurface. 

Mechano-chemical  polishing  was  first  demonstrated  by  Yasunaga  et  al  [1977, 
1978,  1979]  for  polishing  of  single  crystals  of  sapphire,  silicon,  and  quartz  using  soft 
abrasives.  They  used  Si02  for  polishing  sapphire;  BaCOs,  Ce02,  and  CaCOs  for 
polishing  Si  single  crystals;  and  Fe304  and  MgO  for  polishing  quartz  crystals  and 
demonstrated  that  damage-free,  smooth  surfaces  can  be  generated  by  this  technique. 
Chemo-mechanical  action  is  used  to  advantage  in  polishing  without  causing  any  detrimental 
effect  to  a  range  of  work  materials  including  sapphire,  silicon,  quartz,  gallium  arsenide, 
and  various  ferrites  [Namba  and  Tsuwa,  1977,  1978;  Karaki-Doy,  1993;  Kashiwagura  et 
al,  1983;  Kawata  and  Tani,  1993;  Kikuchi  et  al,  1983, 1992]. 
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4.  CHEMO-MECHANICAL  POLISHING  OF  SILICXDN  NITRIDE 

Vora  et  al  [1982, 1983]  demonstrated  the  feasibility  of  polishing  silicon  nitride  to  a 
high  level  of  finish  by  mechano-chemical  polishing  with  iron  oxides  (both  Fe203  and 
Fe304).  A  chemical  reaction  between  iron  oxide  and  silicon  nitride  at  the  contacting  points 
was  assumed  which  is  promoted  by  a  local  mechanical  effect  associated  with  non 
equilibrium  conditions,  such  as  high  temperature  and  high  pressure,  although  the  nature  of 
this  reaction  was  not  investigated.  Suga  et  al  [1989]  also  investigated  polishing  of  Si3N4 
using  several  abrasives  including  CaCOs,  MgO,  Si02,  Fe203,  Fe304,  and  Cr203  and 
concluded  that  Cr203  is  a  more  suitable  abrasive  for  the  mechano-chemical  polishing  of 
Si3N4.  In  a  later  investigation,  Kikuchi  et  al  [1983, 1992]  found  Cr203  to  be  a  suitable 
abrasive  for  mechano-chemical  polishing  of  silicon  carbide  as  well.  They  proposed  that 
chromium  oxide  may  be  operating  catalytically  thereby  enhancing  the  surface  oxidation 
during  polishing.  It  may  also  lower  the  activation  energy  and/or  the  starting  temperature  for 
the  reaction.  The  tribo-chemical  form  of  wear  mentioned  earlier  is  interpreted  as  due  the 
removal  of  material,  molecule  by  molecule,  instead  of  the  classical  removal  of  entire 
particles  by  brittle  fracture  [Fischer,  1988]. 

Singhal  [1975]  studied  the  effect  of  water  vapor  on  the  oxidation  of  hot  pressed 
silicon  nitride  and  interpreted  its  formation  as  due  to  the  following  reactions: 

Si3N4-i-6H20  3Si02  +  4NH3 

The  dissolution  of  Si02  in  water  is  given  by  : 

Si02  +  2H20  Si(OH)4 

Kanno  et  al  [1983]  found  the  formation  of  NH3  in  milling  of  silicon  nitride  powder 
in  water  conforming  Singhal's  interpretation.  Fischer  and  Tomizawa  [1985]  and  Tomizawa 
and  Fischer  [1986]  studied  wear  of  silicon  nitride  in  water  and  concluded  that  wear  is  due 
to  tribochemical  dissolution  of  the  material  via  the  formation  of  Si02  and  the  dissolution  of 
that  Si02  in  water  to  form  silcilic  acid,  i.e.,  no  solid  wear  particles  are  generated.  Thus 
Si02  is  dissolved  in  water  more  rapidly  than  amorphous  Si02  particles.  Fischer  and 
Tomizawa  also  found  the  debris  to  be  white  in  dry  sliding  of  silicon  nitride  (NBD  200, 
which  is  black  in  color)  indicating  the  formation  of  SiC)2  particles  but  found  no  wear  debris 
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in  sliding  in  water.  However,  when  the  water  was  evaporated,  particles  of  Si02  were 
found  to  be  precipitated. 

Sugita  et  al  [1984]  studied  the  mechanism  of  material  removal  during  rubbing  of 
silicon  nitride  in  water.  They  found  the  wear  debris  in  water  to  be  amorphous.  They 
interpreted  the  results  as  due  to  oxidation  of  silicon  nitride  which  subsequently  changed  to 
amorphous  hydrate  Si02:xH20  during  rubbing  in  water.  The  amorphous  hydrate  was 
removed  from  the  rubbing  interface  as  a  result  of  sliding. 

Akazawa  and  Kato  [1988]  and  Akazawa  et  al  [1986]  investigated  the  wear 
properties  of  silicon  nitride  in  rolling  contact  and  rolling-sliding  contact.  They  identified 
one  type  of  wear  debris  to  be  glassy  film  with  Si02  structure.  Similar  results  were 
reported  by  Jahanmir  and  Fischer  [1987],  Kapsa  and  Kanemura  [1988],  Gee  [1992], 
Fischer  and  Mullins  [1993],  Danyluk  et  al  [1993],  Kennedy  et  al  [1993],  Jahanmir  [1993], 
and  Dong  and  Jahanmir  [1993]. 

Although,  it  is  widely  believed  that  advanced  ceramics  can  be  finished  by  chemo- 
mechanical  action  by  proper  choice  of  the  abrasive  and  the  environment,  the  exact 
mechanism  of  its  action  is  not  well  established.  However,  some  plausible  explanations 
were  offered  including  the  formation  of  silicates,  spinals,  oxidation  of  silicon  nitride 
with/without  catalytic  action  of  chromium  oxide,  and  less  chemical  stability  of  chromium 
oxide  compared  to  aluminum  oxide. 

5.  MAGNETIC  FLOAT  POLISHING 

The  magnetic  float  polishing  technique  for  finishing  ceramic  balls  was  initiated  in 
Japan  chiefly  by  Umehara  [1988],  Kato  [1990],  Umehara  and  Kato  [1990].  They  termed  it 
magnetic  fluid  grinding.  We  prefer  to  use  the  term  magnetic  float  polishing,  as  originally 
introduced  by  Tani  [1984]  as  this  is  more  a  polishing  (3-body)  process  than  a  grinding  (2- 
body,  fixed  abrasive)  operation.  However,  one  would  find  in  the  literature  use  of  both 
terms  to  describe  the  process. 

The  magnetic  fluid  is  a  colloidal  dispersion  of  extremely  fine  (100  to  150  A)  sub- 
domain  ferro-magnetic  particles,  usually  magnetite  (Fe304),  in  various  carrier  fluids,  such 
as  water  or  kerosene.  The  ferrofluids  are  made  stable  against  particle  agglomeration  by  the 
addition  of  surfactants.  When  a  magnetic  fluid  is  placed  in  a  magnetic  field  gradient,  it  is 
attracted  towards  the  higher  magnetic  field  side.  If  a  non-magnetic  substance  (e.g., 
abrasives  in  this  case)  is  mixed  in  the  magnetic  fluid,  they  are  discharged  towards  the  lower 
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side.  When  the  field  gradient  is  set  in  the  gravitational  direction,  the  non  magnetic  material 
is  made  to  float  on  the  fluid  surface  by  the  action  of  the  magnetic  levitational  force. 

The  polishing  operation  in  this  process  occurs  due  to  the  magnetic  levitational  force. 
The  process  works  on  the  basis  of  the  magneto-hydrodynamic  behavior  of  a  magnetic  fluid 
that  can  float  non-magnetic  abrasives  suspended  in  it.  The  process  is  considered  highly 
effective  for  finish  polishing  because  a  levitational  force  is  applied  to  the  abrasives  in  a 
controlled  manner.  The  forces  applied  by  the  abrasives  to  the  part  in  this  process  are 
extremely  small  (about  1  N  or  less).  The  time  required  to  finish  the  balls  to  the  same 
accuracy  or  better  by  this  technique  is  at  least  an  order  of  magnitude  faster  than  by 
conventional  polishing  techniques.  Consequently,  this  technique  can  be  extremely  cost 
effective  and  viable  for  the  manufacture  of  ceramic  balls. 

6.  EXPERIMENTAL  SETUP  AND  TEST  CONDITIONS 
Experimental  Setup 

Figure  3(a)  is  a  schematic  diagram  and  Figure  3  (b)  is  a  photograph  of  the  magnetic 
float  polishing  apparatus  showing  permanent  magnets  located  at  the  base  of  the  apparatus. 
The  magnets  are  located  with  alternate  N  and  S  poles  underneath  the  float  chamber.  A 
guide  ring  is  mounted  on  top  of  the  float  vessel  to  contain  the  magnetic  fluid.  Magnetic 
fluid  containing  fine  abrasive  particles  is  filled  into  the  chamber.  The  silicon  nitride  ball 
blanks  are  held  in  3-point  contact  between  the  float  at  the  bottom,  chamber  wall  on  the  side, 
and  a  shaft  at  the  top.  The  shaft  is  connected  to  the  spindle  of  the  Bridgeport  CNC  milling 
machine  which  is  capable  of  operating  in  the  speed  range  of  60  -  6000  rpm.  The  balls  and 
float  are  pushed  upwards  against  the  shaft  by  the  magnetic  buoyancy  force.  This  force 
increases  at  an  exponential  rate  as  the  float  moves  closer  to  the  magnets  [Raghunandan  et 
al,  1994].  When  a  magnetic  field  is  applied,  the  ceramic  balls,  abrasive  grains,  and  the  float 
of  non-magnetic  material  all  float  and  are  pushed  upwards  by  the  magnetic  fluid.  Silicon 
nitride  balls  are  pressed  against  the  drive  shaft  and  are  finished  by  the  rotation  of  the  drive 
shaft. 

Test  Conditions 

In  the  present  investigation  the  drive  shaft  is  made  of  austenitic  stainless  steel  (non¬ 
magnetic)  with  a  3(P  chamfer  at  the  edge.  The  chamfer  angle  is  measured  from  a  plane 
perpendicular  to  the  axis  of  the  shaft  The  chamber  wall  was  covered  with  urethane  rubber 
and  the  float  material  used  was  acrylic  resin.  The  materials  for  the  shaft,  float,  and 
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chamber  wall  were  selected  based  on  the  results  of  an  earlier  investigation  [Umehara,  1988] 
where  it  was  shown  that  this  combination  gives  the  largest  removal  rate.  Table  1  lists  the 
test  conditions  used. 

Neodinium- iron-boron  permanent  magnets  [12.7  mm  squares]  (with  10,500  G 
residual  magnetization)  were  used  in  this  investigation.  The  thickness  of  the  float  was  kept 
at  half  the  width  of  magnets.  Water  based  magnetic  fluid  (W-40)  with  400  G  saturation 
magnetization  was  used.  The  silicon  nitride  balls  were  separated  by  spacer  balls  (nylon 
balls)  thus  preventing  collision  between  neighboring  silicon  nitride  balls  and  consequent 
surface  damage.  A  total  of  ten  balls  were  polished  during  each  run.  After  each  run,  the 
material  removal  was  measured  as  the  change  in  weight.  The  diameter  of  balls  (10  points 
per  ball  on  all  balls)  were  also  measured.  The  surface  topography  of  the  samples  was 
analyzed  using  a  stylus  based  device  (TalySurf)  and  a  non-contact  measuring  device 
(ZYGO  optical  interference  microscope)  after  some  of  the  tests.  Since  there  is  no  one  to  one 
correspondence  of  the  data  from  TalySurf  and  ZYGO  one  would  invariably  find  different 
values  of  Ra  depending  on  the  technique  used.  Hence,  we  can  only  use  average  values. 

7.  EXPERIMENTAL  RESULTS 

Figure  4  shows  the  variation  of  the  material  removal  rate  (MRR  in  mg/min  and 
jim/min)  with  spindle  speed  on  silicon  nitride  balls  using  aluminum  oxide  and  chromium 
oxide  abrasives  respectively.  It  can  be  seen  that  the  removal  rate  is  higher  on  the  average 
by  about  80%  with  chromium  oxide  than  with  aluminum  oxide  although  both  are  nominally 
of  the  same  hardness  (chromium  oxide  is  estimated  to  be  about  5-10  %  harder  than 
aluminum  oxide).  This  difference  in  removal  rate  increases  with  increase  in  spindle  speed 
upto  4,000  rpm  and  decreases  with  further  increase  in  speed.  Since,  the  removal  rates  by 
the  abrasive  action  with  both  abrasives  should  be  about  the  same,  in  view  of  similar 
hardness  level,  the  higher  removal  rates  with  chromium  oxide  has  to  be  accounted  for  by 
reasons  other  than  mechanical  action.  We  believe,  that  this  could  be  due  to  chemo- 
mechanical  action.  We  should  also  recognize  that  aluminum  oxide  and  chromium  oxide 
abrasives  may  have  different  shape  and  friability  which  can  influence  the  removal  rate. 
Figures  5  (a)  and  (b)  are  scanning  electron  micrographs  of  the  balls  finished  for  90  minutes 
by  aluminum  oxide  and  chromium  oxide  abrasive  (1-5  pm)  respectively  at  2,000  rpm 
spindle  speed.  These  photographs  were  obtained  by  examining  the  silicon  nitride  balls 
inside  an  environmental  scanning  electron  microscope  (ESEM).  The  instrument  enables  the 
examination  of  surfaces  of  non-conducting  materials  without  the  need  for  a  conductive 
coating,  such  as  Au-Pd.  It  can  be  seen  from  the  figure  that  silicon  nitride  balls  polished 
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with  aluminum  oxide  abrasive  has  several  pits  while  the  surface  polished  with  chromium 
oxide  appears  rather  smooth.  However,  some  pits  can  be  seen  with  chromium  oxide 
abrasive  indicating  some  mechanical  action.  Similar  effects  are  found  using  ZYGO  laser 
interference  microscope  (Figures  6  and  7).  It  should  be  noted,  however,  the  objective  of 
this  investigation  is  to  compare  the  removal  rates  and  not  necessarily  to  obtain  the  best 
finish.  In  fact,  we  have  obtained  smooth  surfaces  with  Ra  in  the  range  of  10  nm  [Figure  8 
9a)]  on  silicon  nitride  balls  using  the  chromium  oxide  abrasive. 

Figures  6  (a)  and  (b)  are  surface  profile  data  of  the  silicon  nitride  balls  polished 
using  aluminum  oxide  and  chromium  oxide  abrasive  respectively.  They  are  obtained  using 
ZYCKD  laser  interference  microscope.  The  smoother  finish  with  chromium  oxide  is  clear 
not  only  from  the  3-D  plot  of  the  surface  roughness  but  also  from  the  values  of  Ra-  Also, 
the  2-D  plots  of  the  surface  (picture  on  the  top  hand  side)  clearly  show  the  presence  of 
numerous  pits  formed  with  aluminum  oxide  abrasive  (possibly  due  to  abrasive  action)  and 
rather  smooth  surface  with  chromium  oxide  abrasive.  The  formation  of  pits  in  a  silicon 
nitride  ball  with  aluminum  oxide  abrasive  can  more  clearly  be  seen  at  higher  magnification 
(100  X  Fizeau)  [Figure  7].  Figure  8  (a)  and  (b)  show  the  surface  roughness  profile 
obtained  using  the  Form  TalySurf  on  silicon  nitride  balls  using  aluminum  oxide  and 
chromium  oxide  abrasives.  The  smooth  surface  with  chromium  oxide  and  formation  of 
deep  pits  in  the  case  of  aluminum  oxide  is  again  evident. 

8.  DISCUSSION 

Let  us  consider  for  the  sake  of  discussion  the  following  six  plausible  hypotheses 
for  the  material  removal  mechanisms  in  semifinishing  of  silicon  nitride  balls  with  aluminum 
oxide  and  chromium  oxide  abrasives. 


Hypothesis  1:  Material  removal  in  both  cases  is  predominantly  mechanical  (abrasion) 
with  very  little  chemo-mechanical  action. 

Hypothesis  2;  Material  removal  in  the  case  of  chromium  oxide  is  predominantly  by 
chemo-mechanical  action. 


Hypothesis  3:  Material  removal  in  the  case  of  aluminum  oxide  is  predominantly  by 
chemo-mechanical  action. 

Hypothesis  4:  Oxidation  of  silicon  nitride  and  formation  of  amorphous  hydrate 
(Si02:xH20)  during  polishing  in  the  presence  of  a  water  based  magnetic 
fluid,  and 
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Hypothesis  5:  Lower  transition  speed  for  sliding  with  chromium  oxide  abrasive 
compared  to  aluminum  oxide  abrasive  and  consequent  higher  removal 
rates  (this  is  specific  to  the  magnetic  float  polishing  process). 

What  we  have  found  in  the  present  study  is  higher  removal  rates  and  smoother 
surface  texture  with  chromium  oxide  abrasive  than  with  aluminum  oxide  abrasive.  It  is 
entirely  possible  that  the  higher  removal  rate  with  chromium  oxide  abrasive  is  purely 
mechanical  (abrasion)  in  nature  with  very  little  or  no  chemo-mechanical  action  (Hypothesis 
1).  But  then,  the  differences  in  both  the  removal  rates  and  the  surface  texture  cannot  be 
explained  by  this  argument  alone  since  the  hardness  of  both  the  abrasives  is  nearly  the  same 
(about  10  %  difference,  the  exact  values  are  not  quoted  here  as  they  vary  depending  on  the 
crystallographic  orientation,  load  etc.).  However,  the  differences  in  hardness  between  the 
work  material  (silicon  nitride)  and  the  abrasives  (chromium  oxide  and  aluminum  oxide)  is 
not  significant.  Hence,  small  difference  in  the  hardness  between  the  abrasives  may  account 
for  the  differences  in  the  material  removal  rates.  But  it  is  difficult  to  explain  by  Hypothesis 
I,  the  difference  in  the  surface  texture  (several  large  pits  in  the  case  of  aluminum  oxide 
abrasive  and  fewer  pits  with  smoother  surface  texture  with  chromium  oxide  abrasive).  This 
together  with  the  reported  claim  in  the  literature  that  chromium  oxide  is  a  superior  abrasive 
for  chemo-mechanical  polishing  of  silicon  nitride  [Suga  et  al ,  1989;  Suzuki  et  al ,  1992; 
Uematsu  et  al ,  1993]  leads  us  to  discount  this  hypothesis  as  solely  responsible  for  the 
material  removal. 

Hypothesis  2,  namely,  material  removal  in  the  case  of  chromium  oxide  is 
predominantly  by  chemo-mechanical  action  appears  reasonable  based  on  the  experimental 
observations.  Chromium  oxide  is  also  well  known  as  a  catalyst  for  oxidation  of  other 
materials.  It  is,  therefore,  possible  for  chromium  oxide  to  act  in  this  role  by  oxidizing 
silicon  nitride  and  form  Si02  surface.  This  may  be  the  reason  for  the  smooth  texture  on  the 
silicon  nitride  balls  polished  with  chromium  oxide  and  not  with  aluminum  oxide. 

Similarly,  one  could  argue  that  aluminum  oxide  abrasive  can  also  polish  silicon 
nitride  by  chemo-mechanical  action  (Hypothesis  3).  For  example,  aluminum  oxide 
abrasive  can  react  with  silicon  nitride  to  form  aluminum  silicate  or  act  as  a  catalyst  in 
oxidizing  silicon  to  form  Si02  (a  role  possibly  similar  to  chromium  oxide).  However,  the 
present  findings,  namely,  lower  removal  rates  and  presence  of  pits  on  the  surface  with 
aluminum  oxide  abrasive  do  not  lend  support  to  this  hypothesis.  If  there  is  chemo- 
mechanical  action  with  aluminum  oxide  abrasive,  then  the  lower  removal  rates  could  be 
interpreted  as  the  degradation  of  aluminum  oxide  (chemical  wear  of  the  abrasives)  to  form 
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aluminum  silicate.  This  would  not  aid  the  material  removal  process;  instead  it  would  hinder 
it  due  to  wear  of  the  abrasive. 


It  is  possible  that  in  the  presence  of  a  water  based  magnetic  fluid  used  in  this 
investigation,  oxidation  of  silicon  nitride  and  formation  of  amorphous  hydrate  (Si02::x 
H2O)  can  both  take  place  during  polishing.  However,  in  polishing  with  aluminum  oxide 
and  chromium  oxide  a  water  base  magnetic  fluid  is  used.  So,  whatever  happens  with 
chromium  oxide  should  also  happen  with  aluminum  oxide.  Hence,  this  hypothesis  even 
though  is  possible  cannot  explain  for  the  difference. 


Another  possible  reason  for  the  difference  in  the  material  removal  rates  on  silicon 
nitride  with  Cr203  and  AI2O3  is  different  sliding  speeds  between  the  driving  shaft  and  the 
balls  at  the  same  drive  shaft  speed  (Hypothesis  5).  As  pointed  out  earlier,  this  is  specific  to 
the  magnetic  polishing  technique.  The  sliding  speed  between  the  driving  shaft  and  the  balls 
during  polishing  is  estimated  as  follows.  It  is  assumed  that  sliding  begins  at  the  drive  shaft 
speed  where  the  material  removal  rate  (MRR)  is  zero.  It  can  be  found  from  Figure  4  that 
the  drive  shaft  speeds  with  Cr203  and  AI2O3  when  the  MRR  is  zero  are  650  rpm  and  1214 
rpm  respectively.  For  the  condition  where  the  balls  just  roll  on  the  surface  of  the  driving 
shaft  without  sliding  Childs  et  al  [1994a]  developed  a  relationship  between  the  drive  shaft 
speed  Qs  and  the  ball  circulation  speed  Qb  as  follows: 

^ - ! - 

CL  l  +  cos0  +  sin0 /?/ V  Rs  CL  J 

where  Rs  is  the  radius  at  the  contact  point  between  ball  and  the  driving  shaft,  Rf  is  the 
radius  at  the  contact  point  between  ball  and  the  float,  0  is  the  taper  angle  of  the  driving  shaft 
and  iif  is  the  float  rotational  speed. 


From  the  results  of  Childs  et  al  [1994b],  £2f/Qs  is  assumed  as  0.05.  In  the  present 
investigation  the  values  of  Rs,  Rf,  and  0  are  32.8  mm,  29.2  mm,  and  30  deg  respectively. 
Using  equation  (1),  Qb  with  Cr203  and  AI2O3  can  be  calculated  as  257  rpm  and  479  rpm 
respectively. 


If  the  ball  circulation  speed  Qb  remains  constant  after  occurrence  of  sliding  between 
the  balls  and  the  driving  shaft,  the  sliding  speed  Vs  between  the  balls  and  the  shaft  can  be 
calculated  using  the  following  equation  [  1994a] 
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Figure  9  shows  the  variation  of  sliding  speed  with  the  driving  shaft  speed  obtained 
from  equation  2.  It  can  be  seen  that  the  sliding  speed  with  0203  is  larger  than  that  with 
AI2O3  even  if  at  the  same  drive  shaft  speed.  Figure  10  shows  the  variation  of  the  MRR 
with  the  sliding  speed.  It  can  be  seen  that  the  MRR's  are  proportional  to  the  sliding  speed 
and  the  gradient  for  O2O3  is  larger  than  that  for  AI2O3  by  about  20  %.  Although,  some 
scatter  in  the  data  is  noted  in  the  case  of  aluminum  oxide  abrasive,  we  have  used  the  best  fit 
to  compare  the  slopes.  Thus,  the  higher  removal  rates  associated  with  Cr203  abrasive  in 
polishing  silicon  nitride  can  be  accounted  partially  on  the  basis  of  lower  transition  speed  for 
sliding  with  Cr203  than  with  AI2O3  abrasive. 

In  addition  to  the  five  hypotheses  presented  here,  there  may  be  other  possibilities 
not  considered  here  responsible  for  the  difference  .  For  example,  the  shape  of  the 
abrasives  can  be  different.  Similarly,  the  friability  of  the  abrasives  can  be  different.  Thus 
shape  and  size  changes  during  the  polishing  process  can  possibly  explain  for  some  of  the 
difference.  One  cannot  totally  rule  this  or  other  factors  out  at  this  stage  till  a  conclusive 
evidence  is  available. 

Whether  or  not  chemo-mechanical  action  occurs  in  polishing  of  silicon  nitride  with 
chromium  oxide  or  aluminum  oxide,  it  is  clear  from  this  study  that  chromium  oxide  is  a 
superior  abrasive  to  aluminum  oxide  in  finishing  of  silicon  nitride  in  view  of  higher 
removal  rate  and  better  surface  finish.  It  is  also  clear  that  further  studies  are  needed  to 
delineate  the  micromechanisms  of  polishing  of  silicon  nitride  with  these  abrasives. 
Examination  of  the  wear  debris  in  the  SEM  and  TEM,  and  characterization  of  the  surface 
and  near-surface  using  Auger  Electron  Spectroscope  (AES),  )i-Raman  Spectroscope,  low- 
angle  X-ray  diffraction,  and  FTIR  may  throw  more  light  on  this  subject.  Similarly,  it  is 
necessary  to  measure  the  ball  circulation  speed  Wb  and  the  sliding  speed  Vs  between  the 
balls  and  the  shaft.  Work  is  currently  underway  along  these  lines  and  it  is  hoped  that  the 
results  of  this  work  will  be  communicated  in  the  not  too  distinct  future. 

9.  CONCLUSIONS 

1 .  Chromium  oxide  abrasive  is  found  to  be  a  good  abrasive  for  polishing 
silicon  nitride.  Surface  finish  (Ra)  of  less  than  10  nm  can  be  obtained  using  this  material. 

2.  Material  removal  with  chromium  oxide  at  these  fine  levels  of  polishing 
appears  to  be  at  the  molecular  level  although  some  pits  were  also  observed.  These  could 
have  been  generated  during  the  early  stages  of  polishing. 
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3.  Although  both  aluminum  oxide  and  chromium  oxide  are  nearly  of  the  same 
hardness,  the  material  removal  rate  (MRR)  on  silicon  nitride  balls  with  these  two  abrasives 
was  found  to  be  different.  The  higher  removal  rate  with  chromium  oxide  over  aluminum 
oxide  is  attributed  here  as  due  to  possible  chemo-mechanical  action  of  chromium  oxide  with 
silicon  nitride.  It  appears  that  chromium  oxide  may  be  serving  as  a  catalyst  in  the  oxidation 
of  silicon  nitride  and  the  formation  of  Si02. 

4.  Observation  of  the  semifinished  silicon  nitride  balls  shows  pits,  possibly 
formed  by  abrasion,  brittle  fracture,  and  dislodgment  of  grains  with  aluminum  oxide 
abrasive  and  relatively  smooth  surface  (with  fewer  pits)  possibly  formed  by  chemo- 
mechanical  action  with  chromium  oxide. 
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TABLE  1  EXPERIMENTAL  CONDITIONS 


Work  material 


Ferrofluid 


Abrasive 


Abrasive  size,  |jm 


Abrasive  concentration 


Spindle  speed,  rpm 


Working  load/bail,  N 


HlP'ed  Silicon  nitnde  balls  from 
Japan;  10.2mmdia. 


water  based  (W-40) 
Density:  1.4  kg/mm^;  Viscosity: 
2.25  Pa.s.  (25^0;  Magnetization: 
400Gat8KOe 


Cr203  and  AI2O3 


10%  by  volume 


1000,  2000,  4000,  and  6000 


TABLE  2  PROPERTIES  OF  THE  SILICON  NITRIDE 
BALLS  USED 


1  Chemical  Composition 

Si3N4 : 94  wt.%;  AI2O3:  | 

4  wL  %;  and  Y2O3:  2  wt  % 

3.228 

1  Bending  Strength,  ,MPa 

980 

1600-1800 

1  Fracture  Toughness, 
|kic,  MN/m^/2 

5-6 
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[Domain] 


I:  n 


Atom 


n 


i\r 


|-“  Crack  1 
h*  Dislocation 


I  ^  Crystal  lattice 


Working  unit,  cm 


[Factor  affecting 
deformation  and 
fracture] 


Figure  1  Classification  of  the  stress  field  into  four  domains  in 
terms  of  “Working  Units”  (after  Yoshikawa,  1967) 


Direction  of  Movement 


Figure  2  Schematic  of  the  chemo-mechanical  polishing  process 
(after  Yasunaga  et  al,  1978) 
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DRIVE  SHAFT 
ACRYLIC  GUIDE  RING 

MAGNETIC  FLUID  AND 
ABRASIVES 

URETHANE  RUBBER 
CERAMIC  BALLS 
ACRYLIC  FLOAT 

ALUMINIUM  CHAMBER 

MAGNETS 

STEEL  BASE 


Figure3(a)  Schematic  diagram  of  the  magnetic  float  polishing 
apparatus  showing  permanent  magnets  located  at  the 
base  of  the  apparatus 


Figure  3(b)  Photograph  of  the  magnetic  float  polishing  apparatus 
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0.08 
I  0.06 
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0  2000  4000  6000  8000 

Speed,  rpm 

Figure  4  Variation  of  the  material  removal  rate  (MRR  in  mg/min  or 
nm/min)  on  silicon  nitride  balls  with  the  spindle  speed  using 
AI2O3  and  Cr203  abrasives 
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Figure  5(a)  Scanning  electron  micrographs  of  the  silicon  nitride  balls 
&  (b)  finished  for  90  minutes  by  AI2O3  and  Cr203  abrasives 
(1-5  pm)  at  2000  rpm  spindle  speed 
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Figure  6  (a)  Surface  roughness  profiles  (using  zygo  laser  interference 
microscope)  of  the  silicon  nitride  ball  polished  using 
AI2O3  abrasive 
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Figure  6(b)  Surface  roughness  profiles  (using  zygo  laser  interference 
microscope)  of  the  silicon  nitride  ball  polished  using 
Cr203  abrasive 
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Figure  7  Surface  roughness  profiles  (using  ZYGO  laser  interference 
microscope)  at  higher  magnification  (lOOx  fizeau)  of  the 
silicon  nitride  ball  polished  using  AI2O3  abrasive  showing 
pits  due  to  dislodgement  of  grains  by  brittle  fracture 
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3)  Polished  with  AI2O3  abrasive 
Ra  35.8  nm  Rj  492.5  nm  Rp  116.2  nm 
Rv  376.4  nm  RMS  58.5  nm 


J  200  nm 

lOOjim 


1 

T  - 

^  A 

b)  Polished  with  Cr203  abrasive 
Ra  9.1  nm  Rj  146.4  nm  Rp  33.2  nm 
Rv  113.2  nm  RMS  13.6  nm 


J  200  nm 

lOO^tm 


Figures  8(a)  Surface  roughness  profiles  obtained  (using  the  Form 
&  (b)  Talysurf)  on  silicon  nitride  balls  polished  using  AI2O3 

and  Cr203  abrasives  Respectively. The  smoother  surface 
with  Cr203  and  the  formation  of  deep  pits  in  the  case  of 
AI2O3  abrasive  are  evident 
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3 


Figure  9  Variation  of  sliding  speed  with  drive  shaft  speed  (from  Equation 
2).  It  can  be  seen  that  the  sliding  speed  with  Cr203  is  larger 

than  with  AI2O3  at  the  same  shaft  speed 


Figure  10  Variation  of  the  MRR  with  sliding  speed  showing  that  MRR’s 
are  proportional  to  the  sliding  speed  and  the  gradient  for 
Cr203  is  larger  than  that  of  AI2O3  by  approximately  20% 
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APPENDIX  I 


ON  CHEMO-MECHANICAL  POLISHING  OF  SILICON 
NITRIDE  WITH  CHROMIUM  OXIDE  ABRASIVE 


S.  R.  Bhagavatula  and  R.  Komanduri 
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FINISHING  OF  ADVANCED  CERAMICS 

Part  I :  on  chemo-mechanical  polishing  of  Si3N4  with  Cr203  abrasive 

S.  R.  Bhagavatula  and  R  Komanduri 
Mechanical  and  Aerospace  Engineering,  Oklahoma  State  University 
Stillwater,  OK  74078,  U.S.A. 

ABSTRACT 

Chromium  oxide  (Cr203)  is  an  excellent  abrasive  for  the  polishing  of  silicon 
nitride  (Si3N4)  work  material.  As  the  hardness  of  Cr203  is  nearly  the  same  as  that  of 
Si3N4,  the  mechanism  of  material  removal  is  believed  to  be  chemo-mechanical  rather 
than  mechanical  abrasion.  However,  no  evidence  of  any  compound  formation  of  Si3N4 
with  Cr203  abrasive  was  reported.  Consequently,  the  role  of  Cr203  was  considered  to  be 
one  of  a  catalyst  ,  in  view  of  its  well  known  role  as  a  catalyst,  rather  than  its  direct 
involvement  in  the  chemical  reactions  with  Si3N4.  In  this  letter,  we  report  new  evidence 
using  an  SEM  with  an  X-ray  microanalyzer  and  a  low  angle  X-ray  diffraction  that  shows 
conclusively  that  Cr203  does  participate  in  chemo-mechanical  polishing  of  Si3N4 
forming  chromium  nitride  and  chromium  silicate,  thus  establishing  the  role  of  Cr203 
not  as  a  mere  catalyst  but  one  actively  taking  part  in  the  chemical  reactions  during 
chemo-mechanical  polishing. 

1.  INTRODUCTION 

The  development  of  high  performance  ceramics  (or  advanced  ceramics)  is 
stimulating  major  advances  in  a  large  spectrum  of  industries  including  machine  tools, 
electronics,  manufacturing  engineering,  and  chemical  and  metallurgical  processing. 
Alumina  (AI2O3),  zirconia  (Zr20),  silicon  carbide  (SiC),  and  silicon  nitride  (Si3N4)  are 
the  most  important  advanced  ceramic  materials  among  high  performance  ceramics  and 
Si3N4  is  the  most  promising  material  in  this  category  for  structural  and  bearing 
applications.  This  is  in  view  of  silicon  nitride's  high  fracture  toughness  and  failure  mode 
amongst  advanced  ceramics  in  addition  to  its  other  desirable  properties  (Katz  and 
Hanoosh  1985). 

Most  of  the  advanced  ceramic  materials,  unfortunately,  are  difficult  to  shape  and 
finish,  in  general,  owing  to  their  high  hardness  and  brittleness.  Unlike  with  metals, 
plastic  deformation  is  not  the  preferred  mode  of  material  removal.  Instead  material 
removal  is  by  brittle  fracture.  Consequently,  with  conventional  grinding  and  polishing 
techniques,  surface  damage  is  inherently  present  on  the  workpiece  in  the  form  of  pits 
and  scratches,  and  subsurface  damage  in  the  form  of  lateral  and  median  cracks 
(Marshall  et  al  1983).  These  defects  affect  the  performance  and  reliability  of  the  products 
in  service.  Diamond  abrasive  is  invariably  used  for  grinding  as  well  as  for  polishing  of 
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advanced  ceramics.  Consequently,  the  cost  of  finishing  is  high  and  the  time  taken  for 
finishing  is  also  significantly  long,  sometimes  of  the  order  of  several  weeks.  To  address 
this  problem,  need  arises  for  an  alternate  technique  that  minimizes  the  defects 
associated  with  conventional  material  removal  processes.  Chemo-mechanical  polishing 
is  one  such  technique  suitable  for  hard,  brittle  workmaterials  that  have  good  chemical 
affinity  with  the  abrasive  under  the  conditions  of  polishing  and  in  a  given  environment. 

Conventional  material  removal  of  advanced  ceramics  using  abrasives  harder 
than  the  work  material  involves  indentation  and  abrasion  leaving  scratches,  pitting,  and 
fine  cracks  on  the  surface  (Marshall  et  al  1983).  In  contrast,  chemo-mechanical  polishing 
(also  termed  mechano-chemical  polishing)  depends  on  the  chemical  interaction  between 
the  abrasive,  the  workmaterial,  and  the  environment  (Yasunaga  1979).  Oftentimes,  the 
abrasive  used  is  of  the  same  hardness  or  even  softer  than  the  workmaterial  since 
hardness  is  really  of  no  consequence  in  this  type  of  material  removal  but  chemical 
activity.  Consequently,  no  scratching  or  groove  formation  is  expected  with  these 
abrasives  leading  to  a  very  smooth  surface.  Hence,  for  finishing  advanced  ceramics, 
chemo-mechanical  action  is  rather  an  attractive  alternate  proposition  especially  during 
the  final  stages  of  polishing. 

The  chemo-mechanical  process  initiates  a  chemical  reaction  between  a  given 
abrasive  and  the  work  material.  The  process  produces  a  weaker  reaction  product 
compared  to  either  the  abrasive  or  the  workmaterial.  The  environment  used  can 
facilitate  the  chemical  action.  The  reaction  product  thus  formed  is  brittle  and 
subsequently  removed  by  the  abrasive  action.  This  results  in  producing  a  smooth 
surface.  However,  the  presence  of  defects,  such  as  pits,  grooves  from  an  earlier 
semifinishing  operation  can  still  exist  in  the  final  operation  unless  all  the  defects  are 
removed  by  this  operation.  Or,  alternately,  these  defects  should  be  gradually  minimized 
as  one  progresses  from  roughing  to  semifinishing  to  finishing.  Hence,  the  history  of 
polishing  is  a  very  important  consideration  in  the  final  finishing  condition  of  advanced 
ceramics. 

Several  studies  were  reported  in  the  literature  on  the  various  aspects  of  finishing 
Si3N4  in  view  of  this  material’s  potential  for  advanced  structural  applications,  such  as 
parts  of  gas  turbine,  bearings  for  high-speed  and  high-precision  spindles.  These  studies 
include  oxidation  of  Si3N4  (Singhal  1976,  Clarke  and  Lange  1980,  Cubicciotti  and  Lau 
1978,  Kiehle  et  al  1975)  in  air;  hydrothermal  oxidation  of  Si3N4  (Contet  et  al  1987), 
mechano-chemical  polishing  of  Si3N4  using  fine,  softer  abrasives,  such  as  Fe203 
(Yasunaga  1979,  Uematsu  et  al  1993,  Vora  et  al  1982  ),  grinding  of  Si3N4  powder  in 
water  (Kanno  et  al  1983),  tribochemical  studies  of  Si3N4  on  Si3N4  in  different  gaseous 
and  liquid  media  (Fischer  and  Tomizawa  1985,  Fischer  1988,  Cranmer  1989),  sliding 
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wear  of  Si3N4  on  Si3N4  in  air  and  in  water  (Cranmer  1989),  wear  of  Si3N4  on  Si3N4  in 
water  under  rolling  contact  (Kato  1990,  Akazawa  et  al  1986,  Akazawa  and  Kato  1988), 
tribological  studies  of  Si3N4  in  various  environments  (Jahanmir  and  Fisher  1988,  Dong 
and  Jahanmir  1993),  combined  effect  of  speed  and  humidity  on  wear  and  friction  of 
Si3N4  (Gee  and  Butterfield  1993),  corrosion  of  Si3N4  (Munro  and  Dapkunas  1993),  Sato 
et  al  1991),  material  removal  mechanism  of  Si3N4  during  rubbing  in  water  (Sugita  et  al 
1984),  fracture  toughness  and  hardness  dependent  polishing  wear  of  Si3N4  ceramics 
(Gardos  and  Hardisty  1993),  and  the  wear  behavior  of  Si3N4  sliding  on  Si3N4  in  the 
presence  of  water  at  high  temperatures  and  pressures  (Xu  et  al  1994).  The  possibility  of 
chemo-mechanical  action  is  polishing  of  Si3N4  with  Cr203  abrasive  was  investigated  by 
Raghunandan  et  al  (1994). 

The  above  studies  have  indicated  that  oxidation  of  Si3N4  as  the  crucial  step  in 
the  tribological  and  tribochemical  behavior  of  this  material.  The  results  also  indicate  the 
formation  of  an  amorphous  silica  on  the  surface  when  Si3N4  was  polished  in  air  and  the 
formation  of  a  hydrated  silica  layer  when  polished  in  water.  However,  no  evidence  of 
compound  formation  of  Si3N4  with  Cr203  abrasive  was  reported.  Consequently,  the  role 
of  Cr203  was  considered  as  one  of  a  catalyst  rather  than  direct  involvement  in  the 
chemical  reactions.  This  is  reasonable  in  view  of  the  well  known  role  of  Cr203,  in 
general,  as  a  catalyst  for  chemical  reactions  and  the  absence  of  any  evidence  to  prove 
otherwise.  In  this  letter,  we  report  new  evidence  that  shows  conclusively  that  Cr203 
does  participate  in  the  chemo-mechanical  polishing  of  Si3N4  forming  chromium  nitride 
and  chromium  silicate,  thus  establishing  the  role  of  Cr203  not  as  a  mere  catalyst  but  one 
actively  taking  part  in  the  chemical  reactions  during  chemo-mechanical  polishing. 

2.  EXPERIMENTAL  PROCEDURE 

Chemo-mechanical  polishing  studies  were  conducted  using  hot  isostatically 
pressed  Si3N4  workmaterial  (CERBEC  200  made  by  Norton  Advanced  Ceramics)  (balls 
and  rollers)  with  Cr203  abrasive.  MgO  was  used  as  the  sintering  aid.  It  may  be  noted 
that  Cr203  abrasive  is  about  the  same  hardness  as  Si3N4  work  material.  Hence,  very 
little  of  the  material  removal,  if  any,  should  occur  by  mechanical  abrasion.  Magnetic 
float  polishing  technique  (with  a  water  based  magnetic  fluid)  was  used  for  finishing 
Si3N4  balls  (Fox  et  al  1994)  and  magnetic  abrasive  finishing  technique  with  magnetic 
abrasive  agglomerate  (iron  particles  with  about  10  %  Cr203  abrasive)  was  used  for 
finishing  Si3N4  rollers  (Umehara  1994). 

The  magnetic  float  polishing  technique  is  based  on  the  magneto-hydrodynamic 
behavior  of  a  magnetic  fluid  that  can  float  non-magnetic  abrasives  suspended  in  it  by  a 
magnetic  fluid.  The  forces  applied  by  the  abrasive  to  the  part  are  extremely  small 
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(IN/ball)  and  highly  controllable.  The  magnetic  fluid  is  a  colloidal  dispersion  of 
extremely  fine  (100  to  150  A)  subdomain  ferromagnetic  particles,  usually  magnetite 
(Fe304),  in  a  carrier  fluid,  such  as  water  or  kerosene.  In  this  investigation  a  water  base 
ferrofluid  is  used.  The  ferrofluids  are  made  stable  against  particle  agglomeration  by  the 
addition  of  surfactants.  When  a  magnetic  fluid  is  placed  in  a  magnetic  field  gradient,  it 
is  attracted  towards  the  higher  magnetic  field  side.  If  a  non  magnetic  substance 
(abrasives  in  this  case  )  is  mixed  with  the  magnetic  fluid,  they  are  discharged  towards 
the  lower  side.  When  the  field  gradient  is  set  in  the  gravitational  direction,  the  non 
magnetic  material  is  made  to  float  on  the  fluid  surface  by  the  action  of  the  magnetic 
levitational  forces.  Thus,  the  polishing  operation  in  this  process  is  facilitated  by  the 
magnetic  buoyant  levitational  force. 

In  magnetic  abrasive  finishing  an  agglomerate  of  ferromagnetic  particles  (iron 
power)  and  fine  abrasive  is  used  as  the  magnetic  abrasive.  The  magnetic  abrasive 
conglomerates  are  about  50  to  400  jim  and  the  abrasives  are  in  the  1  to  10  |im  range.  The 
magnetic  abrasive  is  charged  into  the  gap  between  the  magnetic  poles  to  form  a 
magnetic  brush.  When  a  cylindrical  workpiece,  such  as  a  ceramic  roller  with  rotary  and 
vibratory  motions,  is  placed  in  the  magnetic  field,  surface  and  edge  finishing  operations 
are  performed  by  these  magnetic  abrasive  brushes.  The  process  is  highly  efficient  and 
the  removal  rate  and  finish  depend  on  the  workpiece  circumferential  speed,  magnetic 
flux  density,  working  clearance,  workpiece  material,  size  of  the  magnetic  abrasive 
conglomerate  including  the  t3^e  of  abrasive  used,  grain  size,  and  volume  fractions  of 
the  abrasive  and  magnetic  material  in  the  conglomerate. 

Wear  debris  generated  during  polishing  was  collected,  separated,  and  analyzed 
using  an  ABT  32  scanning  electron  microscope  (SEM)  with  a  Kevex  energy  dispersive  X- 
ray  microanalyzer  (EDX)  and  a  Seimens  low  angle  X-ray  diffractometer  (XRD). 
Similarly,  the  finished  balls  and  rollers  were  examined  in  the  SEM  for  surface 
characterization  and  a  stylus  based  TalySurf  for  surface  roughness  measurements. 

3.  RESULTS  AND  DISCUSSION 

Figure  1(a)  is  a  SEM  micrograph  of  a  portion  of  the  polished  Si3N4  ball  showing 
an  extremely  smooth  surface  generated  during  polishing  and  Figure  1(b)  is  a  TalySurf 
trace  showing  surface  profile  (Ra  of  the  order  of  16.6  nm).  Energy  dispersive  X-ray 
(EDX)  analysis  (i.e.  Si  and  Cr  maps)  with  the  SEM  images  of  some  individual  wear 
particles  generated  during  polishing  of  Si3N4  with  Cr203  abrasive  showed  the  presence 
of  both  chromium  and  silicon  in  the  same  area  as  the  wear  particle  suggesting  the 
possibility  of  chromium  silicate  formation  (Figure  2).  Similarly,  EDX  analysis  of  other 
wear  particles  showed  the  presence  of  silicon  but  absence  of  magnesium  in  some  cases 


146 


and  presence  of  magnesium  in  the  other.  The  later  was  identified  as  due  to  brittle 
fracture  of  Si3N4  wear  particles  and  the  former  as  chemo-mechanical  reaction  product 
possibly  of  chromium  nitride.  Unfortunately,  the  X-ray  dispersive  microanalyzer  of  the 
SEM  is  not  capable  of  detecting  light  elements  including  nitrogen.  However,  the 
analysis  of  the  wear  debris  using  the  X-ray  diffractometer  (XRD)  clearly  showed  the 
formation  of  chromium  nitride  and  chromium  silicate  in  addition  to  Si02  and  Cr203 
(Figure  3)  thus  lending  support  to  the  EDX  analysis.  The  brittle  reaction  product  that  is 
formed  during  chemo-mechanical  polishing  is  then  expected  to  be  removed  during 
subsequent  mechanical  action  by  the  abrasive.  In  addition  to  chromium  silicate  and 
chromium  nitride,  magnesium  silicate  was  also  identified.  This  is  the  glassy  grain 
boundary  phase  that  forms  with  the  sintering  aid,  MgO,  and  which  flow  towards  the 
surface. 


4.  CONCLUSIONS 

In  conclusion,  it  may  be  noted  that  polishing  of  Si3N4  workmaterial  with  Cr203 
abrasive  yields  excellent  surface  finish  with  minimal  surface  and  subsurface  defects  (Ra 
16.6  run).  Since  material  removal  by  abrasion  is  not  possible  with  Cr203  (in  view  of 
small  difference,  if  any,  in  the  hardness  between  Cr20  3  abrasive  and  Si3N4 
workmaterial)  chemo-mechanical  action  between  the  abrasive-workmaterial 
-environment  is  generally  offered  as  the  alternate  mechanism  of  polishing.  In  chemo- 
mechanical  polishing,  material  removal  is  accomplished  by  a  solid  phase  chemical 
reaction  caused  by  the  high  temperatures  and  high  pressures  generated  due  to  frictional 
energy  at  the  contacting  points  between  the  abrasive  and  the  workpiece.  Very  small 
amoimts  of  material  is  removed  from  the  surface  of  the  ceramic  workpiece  as  a  reaction 
product  due  to  chemical  reaction  between  the  abrasive  particles  and  the  workpiece  at 
the  contact  points.  The  reaction  product  is  removed  by  the  mechanical  action  of  the 
abrasive.  It  is  therefore  necessary  to  examine  the  wear  debris  (and  not  the  finished  part) 
to  identify  the  mechano-chemical  action.  Instead  of  the  exclusive  role  of  catalytic  action 
of  Cr203  postulated  by  other  researchers,  we  have  identified  by  X-ray  diffraction  and 

SEM  EDX  analysis,  the  formation  of  chromium  nitride  and  chromium  silicate  during 
chemo-mechanical  polishing.  Thus,  the  role  of  Cr203  abrasive  in  chemo-mechanical 
polishing  is  more  than  a  catalyst.  It,  in  fact,  participates  actively  in  the  chemical 
reactions  forming  reaction  products  with  the  work  material  and  the  environment.  A 
similar  approach  can  be  adopted  in  polishing  other  advanced  ceramics  by  properly 
selecting  the  abrasive  that  is  conducive  to  chemo-mechanical  polishing.  Part  II  presents 
a  model  of  the  chemo-mechanical  polishing  of  Si3N4  workmaterial  with  Cr203  abrasive 
in  air  and  in  water  environments  based  on  the  chemical  reactions  that  can  be  formed 
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thermodynamically  during  the  process  and  the  experimental  evidence  presented  in  this 
letter  (Bhagavatula,  1995). 
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Figure  1  (a)  SEM  micrograph  of  a  chemo-mechanically  polished  Si3N4  work 
material  with  Cr203  abrasive  showing  smooth  surface. 


*<(.869  w 


Ra  1 6.6  nm  Rt  0.54  |im 

Figure  1  (b)  Surface  profile  (obtained  using  Talysurf)  on  Si3N4  work  material 
showing  a  surface  finish  (Rg)  of  about  16.6  nm. 
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Figure  2  SEM  micrograph  and  EDX  analysis  of  Cr  and  Si  of  a  typical 

particle  from  the  wear  debris  showing  simultaneous  existance  of 
Cr  and  Si  (suggesting  the  formation  of  Cr2Si04).  Compare  the 
morphology  of  the  wear  particle  with  that  of  Cr  and  Si  mapping. 
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FINISHING  OF  ADVANCED  CERAMICS 
Part  H:  on  the  mechanism  of  chemo-mechanical  polishing 

of  Si3N4  with  Cr203  abrasive 

S.  R.  Bhagavatula  and  R.  Komanduri 
Mechanical  and  Aerospace  Engineering,  Oklahoma  State  University 
Stillwater,  OK  74078,  U.S.  A. 

ABSTRACT 

Based  on  the  experimental  evidence  presented  in  Part  I  (Bhagavatula  and 
Komanduri  1995)  a  new  model  of  chemo-mechanical  polishing  of  Si3N4  in  air  and  in 
water  environments  with  Cr203  abrasive  is  presented.  This  model  is  based  on  the 

formation  of  such  reaction  products  as  chromium  silicate  and  chromium  nitride  in 
addition  to  the  formation  of  silica  layer  on  Si3N4  surface  as  well  as  the  gaseous  reaction 

products,  such  as  ammonia  (in  water)  and  nitrogen  (in  air).  For  the  chemo-mechanical 
polishing  Si3N4  work  material  with  Cr203  abrasive  in  air,  the  reactions  that  are  formed 
include  oxidation  of  Si3N4  to  form  a  silica  layer  on  the  surface  and  the  evolution  of 
nitrogen  gas.  Other  reaction  products  include  the  formation  of  chromium  nitride  and 
chromium  silicate.  For  the  chemo-mechanical  polishing  in  water,  the  reactions  are 
essentially  the  same  except  in  this  case,  the  adsorption  of  hydroxyl  ions  to  the  surface  of 
Si3N4  and  oxidation  of  the  surface  takes  place,  which  forms  initially  a  silica  layer  which 
further  gets  oxidized  to  form  a  hydrated  silica  (SiOH4)  layer.  When  the  nitrogen  ions 
get  an  opportunity  to  pair  up  with  hydrogen  ions  present  in  water,  they  form  ammonia 
gas  (instead  of  nitrogen  gas,  as  in  the  case  of  air).  The  other  reaction  products  are  the 
same,  namely,  chromium  nitride  and  chromium  silicate.  The  implication  of  gaseous 
reaction  products  in  the  generation  of  pore-free  surface  in  finishing  is  also  pointed  out. 

1.  INTRODUCTION 

As  pointed  out  in  Part  I  (Bhagavatula  and  Komanduri  1995),  several  studies 
were  reported  in  the  literature  on  the  various  aspects  of  finishing  Si3N4.  This  is  in  view 

of  this  material’s  potential  for  advanced  structural  applications,  such  as  parts  of  gas 
turbine,  bearings  for  high-speed  and  high-precision  spindles.  These  studies  have 
indicated  that  oxidation  of  Si3N4  as  a  crucial  step  in  the  tribochemical  behavior  of  this 

material.  The  results  also  indicate  the  formation  of  an  amorphous  silica  on  the  surface 
when  Si3N4  was  polished  in  air  and  the  formation  of  a  hydrated  silica  layer  when 
polished  in  water.  Flowever,  no  evidence  of  compound  formation  of  Si3N4  with  Cr203 
abrasive  was  reported.  Consequently,  the  role  of  Cr203  was  considered  as  one  of  a 
catalyst  rather  than  direct  involvement  in  the  chemical  reactions.  This  conclusion 
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appears  reasonable  in  view  of  the  well  known  role  of  Cr203  as  a  catalyst,  in  general,  for 
initiating  chemical  reactions  and  the  absence  of  any  evidence  thus  far  to  support  an 
alternate  mechanism.  However,  new  evidence  that  was  reported  in  Part  I  (Bhagavatula 
and  Komanduri  1995)  showed  conclusively  that  Cr203  does  participate  in  the  chemo- 
mechanical  polishing  of  Si3N4  forming  chromium  nitride  and  chromium  silicate.  This 
establishes  the  role  of  Cr203  not  as  a  mere  catalyst  but  one  actively  taking  part  in  the 

chemical  reactions  during  chemo-mechanical  polishing.  In  this  letter  we  present  a 
mechanism  of  chemo-mechanical  polishing  of  Si3N4  work  material  with  Cr203  abrasive 

both  in  air  and  in  water  environments. 

2.  MECHANISM  OF  CHEMO-MECHANICAL  POLISHING 
Chemo-Mechanical  Polishing  in  Air 

During  polishing,  depending  on  the  depth  of  cut,  the  abrasive  encounters  a  thin 
layer  of  silica  on  the  surface  as  well  as  the  underlying  material,  namely,  Si3N4  parent 

material.  Chemo-mechanical  action  takes  place  at  the  real  areas  of  contact  under  the 
conditions  of  polishing.  Figure  1  is  a  schematic  of  the  chemo-mechanical  polishing 
model  for  Si3N4  workmaterial  with  Cr203  abrasive  in  air  showing  the  various  reactions 

occurring  during  the  process  (Bhagavatula  1995).  During  polishing,  the  flash 
temperatures  at  the  real  areas  of  contact  can  be  relatively  high.  Using  Carslaw  and 
Jaeger's  solutions  (Carslaw  and  Jaeger  1959)  for  a  moving  disk  heat  source,  we  have 
estimated  the  flash  temperatures  to  be  in  the  range  of  1200-2000°C  when  polishing  in 
air  (magnetic  abrasive  finishing)  (Hou  and  Komanduri  1995).  At  these  conditions, 
oxygen  from  the  surrounding  atmosphere  can  react  with  Si3N4  to  form  a  thin  layer  of 

silica  on  the  surface.  This  has  to  be  balanced  by  the  evolution  of  nitride  ions  through 
the  bulk  material.  When  two  nitride  ions  combine,  a  molecule  of  nitrogen  gas  is  formed 
in  the  bulk  of  Si3N4  and  is  evolved  from  the  silica  layer  giving  rise  to  porosity  on  the 

surface.  For  obtaining  near  defect  free  surface  this  should  be  minimized.  The  oxidation 
of  Si3N4  in  air  can  thus  be  represented  by  the  following  equation: 

Si3N4  +  3  O2  3  Si02  +  2  N2T  (1 ) 

Also,  the  nitride  ions  can  react  with  the  chromium  ions  provided  by  the  Cr203 
abrasive  to  form  chromium  nitride.  Chromium  in  its  S’*"  state  forms  a  large  number  of 
complexes,  particularly  when  nitrogen  is  the  donor  atom,  virtually  all  being  six  co¬ 
ordinate  and  octahedral  (Earnshaw  and  Harrington  1973).  The  effect  of  Cr203  alone  on 
the  oxidation  of  Si3N4  can  be  represented  by  the  following  equation: 

Si3N4  +  2  Cr203  — >  3  Si02  +  4  CrN  (2) 
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The  combined  effect  of  Cr203  and  oxygen  can  be  obtained  by  adding  and 
balancing  Equations  1  and  2  which  is  represented  by  the  following  equation: 

4  Si3N4  +  2  Cr203  +  9  O2  12  Si02  +  4  CrN  +  6  N2  (3) 

Further,  the  action  of  Cr203  on  the  formation  of  silicate  phase  can  be  represented 
by  the  following  equation: 

2  Cr203  +  2  Si02  2  Cr2  Si04  +  O2  T  (4) 

Thus,  the  reaction  product  consists  of  both  chromium  nitride  and  chromium 
silicate.  The  material  removal  occurs  largely  by  this  process  and  the  brittle  reaction 
product  that  is  formed  is  removed  by  subsequent  mechanical  action  of  the  abrasive. 

Chemo-Mechanical  Polishing  in  Water 

Figure  2  is  a  schematic  of  the  chemo-mechanical  polishing  model  for  Si3N4  work 
material  with  Cr203  abrasive  in  water  showing  the  various  reactions  occurring  during 
the  process  (Bhagavatula  1995).  During  polishing,  the  flash  temperatures  at  the  real 
areas  of  contact  can  be  relatively  high.  Using  Carslaw  and  Jaeger’s  solutions  (Carslaw 
and  Jaeger  1959)  for  a  moving  disk  heat  source,  we  have  estimated  the  flash 
temperatures  to  be  in  the  range  of  500-800°C  when  polishing  in  water  (magnetic  float 
polishing  of  balls)  (Hou  and  Komanduri  1995).  Here,  the  reactions  are  essentially  the 
adsorption  of  hydroxyl  ions  to  the  surface  of  Si3N4  and  oxidation  of  the  surface,  which 

forms  initially  a  silica  layer  which  further  gets  oxidized  to  form  hydrated  silica  layer. 
When  the  nitrogen  ions  get  an  opportunity  to  pair  up  with  hydrogen  ions  present  in 
water,  it  forms  ammonia  gas.  Generation  of  ammonia  gas  was  detected  by  previous 
investigators  (Kanno  et  al  1983)  thus  lending  support  to  this  hypothesis.  Thus,  the 
oxidation  of  Si3N4  in  water  proceeds  by  the  following  equation: 

Si3N4  +  6  H2O  ^  3  Si02  +  4  NHs  T  (5) 

The  thermodynamic  arguments  given  above  for  the  dry  case  is  equally 
applicable  here  for  the  wet  case,  except  that  instead  of  the  nitrogen  gas,  ammonia  gas  is 
produced.  The  action  of  chromium  in  Cr203  in  its  3"''  state  alone  on  Si3N4  can  be  again 

represented  by  Equation  2,  thus 

Si3N4  +  2  Cr203  3  Si02  +  4  CrN  (2) 

The  combined  action  of  Cr203  and  water  can  be  represented  by  the  following 
equation: 


Si3N4  +  Cr203  +  3  H2O  3  Si02  +  2  CrN  +  2  NH3  T  (6) 
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Further,  Cr203,  with  chromium  in  its  2'^  oxidation  state,  can  react  with  silica  in 
the  presence  of  water  to  form  chromium  silicate. 

2  Cr203  2  Si02  — ^  2  Cr2  Si04  +  O2  ^  (7) 

This  equation  is  similar  to  the  above  case  for  air.  Chromium  in  Cr203  in  its  2+ 
oxidation  state  reacts  with  silica,  forming  chromium  silicate  as  a  reaction  product 
(Earnshaw  and  Harrington  1973).  This  reaction  also  evolves  oxygen,  partly  replenishing 
the  amount  that  was  spent  during  the  previous  reactions.  Therefore,  oxygen  is  made 
continuously  available  even  in  water  for  oxidation.  Consequently,  these  reactions  are 
almost  identical.  However,  the  important  difference  in  polishing  Si3N4  with  Cr203  in 

water  and  in  air  is  that  water  forms  an  additional  reaction  with  silica  which  is 
represented  by  the  following  equation: 

3Si02  +  6H2O  -^3Si(OH)4  (8) 

This  reaction  produces  a  hydrated  layer  of  silica  forming  silicic  acid  (H2Si03)  as 
a  reaction  product.  Since  the  hydrated  silica  layer  is  amorphous,  the  reaction  products, 
such  as  chromium  silicate  and  chromium  nitride  generated  during  the  chemo- 
mechanical  polishing  with  Cr203  in  water  could  not  be  detected  by  X-ray  diffraction  in 

higher  amounts  as  was  the  case  in  polishing  in  air.  Also,  the  flash  temperatures 
generated  during  polishing  of  Si3N4  in  water  are  in  the  range  of  500  to  800  where  as 

in  the  case  of  polishing  in  air,  they  are  much  higher,  in  the  range  of  1200  to  2000  ^C. 
This  enables  chromium  silicate  (the  reaction  product)  and  chromium  nitride  (the 
oxidation  product)  to  increase  in  their  crystallinity  and  to  achieve  higher  order 
arrangement  of  the  lattices  as  observed  in  the  X-ray  diffraction  of  the  wear  debris 
(Bhagavatula  1995). 

3.  DISCUSSION 

It  can  be  seen  that  the  flash  temperatures  are  higher  (estimated  to  be  in  the  range 
of  1200-2000^0  when  polishing  in  air  (magnetic  abrasive  finishing)  than  when 
polishing  in  water  (magnetic  float  polishing  of  balls)  (estimated  to  be  in  the  range  of 
500-800°C  (Hou  and  Komanduri  1995).  A  thermodynamic  analysis  of  the  oxidation  of 
Si3N4  in  air  and  hydrothermal  oxidation  of  Si3N4  was  carried  out  in  this  investitgation. 

Based  on  the  calculated  values  of  Gibbs  free  energy  of  formation,  it  was  found  that 
water  is  more  effective  below  700  °K  (AG°  700  °K  =  -113  kcal/mole)  and  air  is  effective 
at  higher  temperatures  (AG®  700  °K  =  -131  kcal/mole). 

The  effect  of  air  on  the  oxidation  of  Si3N4  is  represented  by  Eqn.  1  This  reaction 
generates  four  nitride  ions  which  combine  to  form  two  molecules  of  nitrogen  gas.  The 
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effect  of  Cr203  alone  on  oxidation  of  Si3N4  is  represented  by  Eqn.  2.  The  attraction  of 

chromium  ions  towards  nitride  ions  and  the  presence  of  three  oxygen  molecules  of  gas 
in  Cr203  plus  the  high  flash  temperatures  that  are  generated  in  polishing  can  result  in 
the  dissociation  of  Si-N  bonds  from  Si3N4  to  form  silica.  All  the  4  nitride  ions  released 
from  this  reaction  can  combine  to  form  chromium  nitride.  Hence,  there  is  no  nitrogen 
gas  formation  in  this  case.  It  can  also  be  seen  that  the  amount  of  nitrogen  gas  production 
is  effectively  reduced  because  of  chromium  nitride  formation  (or  in  other  words  due  to 
the  presence  of  Cr203).  In  the  absence  of  Cr203 , 4  Si3N4  atoms  would  require  12 

oxygen  molecules  to  produce  8  molecules  of  nitrogen,  giving  rise  to  12  molecules  of 
silica  (Eqn.  1).  But  the  presence  of  2  molecules  of  Cr203  will  facilitate  in  all  12  atoms  of 

silica  formation,  even  though  only  9  oxygen  molecules  are  present,  while  limiting  the 
nitrogen  gas  generation  to  only  6  molecules  (Eqn.  3).  This  implies  that  the  activation 
energy  required  for  the  silica  formation  is  being  reduced  and  the  generation  of  nitrogen 
gas  is  not  favoured.  Both  these  issues  are  favorable  and  critical  in  the  ultimate  polishing 
characteristics  of  Si3N4.  Also,  chromium  in  its  2+  state  reacts  with  the  silica  layer  to 

form  chromium  silicate  as  the  reaction  product  evolving  oxygen  as  a  byproduct 
(Earnshaw  and  Harrington  1973).  This  oxygen  in  turn  is  made  available  for  subsequent 
oxidation  of  Si3N4 

Thus,  Cr203  abrasive  in  chemo-mechanical  polishing  of  Si3N4  performs  three 
functions:  1.  It  promotes  oxidation  of  Si3N4  by  directly  reacting  with  the  nitride  ions 

released  during  the  initial  oxidation  to  form  chromium  nitride.  The  reaction  causes  a 
reduction  in  the  release  of  nitride  ions,  2.  Oxidation  of  Si3N4  in  the  presence  of  Cr203 

increases  the  residence  time  of  the  nitride  ions  and  promotes  the  release  of  nitride  ions 
from  the  bulk  material  which  would  otherwise  get  released  as  nitrogen  gas  from  the 
bulk  material.  The  activation  energy  required  for  oxidation  in  the  presence  of  Cr203  is 

reduced  considerably  owing  to  the  strong  attraction  of  nitride  ions  towards  chromium 
ions  O'*")  oxidation  state.  Thus,  it  reduces  the  generation  of  surface  porosity  during  the 
oxidation  of  Si3N4,  and  3.  Cr203  also  takes  part  in  the  chemical  reaction  with  the  silica 
layer  on  the  Si3N4  and  forms  a  brittle  reaction  product,  chromium  silicate,  which  is 
removed  during  subsequent  mechanical  action  by  the  abrasive.  Chemo-mechanical 
polishing  in  water  results  in  reduced  gas  generation  (ammonia)  which  is  advantageous 
in  the  production  of  defect  free  or  pore  free  surfaces. 

It  is  interesting  to  note  that  the  chemo-mechanical  action  in  air  and  in  water  is 
very  similar.  The  main  difference  being  the  degree  of  crystallinity  of  the  reaction 
products  which  increases  in  air  due  to  the  generation  of  higher  temperatures  at  the  real 
area  of  contact.  Water  causes  hydrolization  of  the  silica  layer  making  it  amorphous.  X- 
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ray  diffraction  analysis  of  the  wear  debris  collected  from  samples  polished  in  air  and 
water  confirmed  these  findings  (Bhagavatula  1995). 

Based  on  the  above  descriptions,  the  main  differences  in  the  chemical  reactions  in 
chemo-mechanical  polishing  of  Si3N4  with  Cr203  in  air  and  in  water  are  the  following: 
1.  Formation  of  nitride  (N‘^)  ions  due  to  oxidation  of  Si3N4  which  combine  among 
themselves  to  form  nitrogen  gas  in  air  and  formation  of  nitride  (N"^)  ions  which 
combine  with  ions  to  form  ammonia  gas  in  water,  2.  formation  of  oxygen  2'  ions  in 
air  and  OH"  and  ions  in  water,  and  3.  formation  of  hydrated  silica  layer  in  water  in 
addition  to  silica  layer  in  both  cases. 

It  may  be  noted  that  in  this  simple  analysis  of  chemo-mechanical  polishing 
presented  here,  we  have  only  considered  the  reactions  between  Si3N4  and  Cr203  in  air 

and  water  environments.  For  a  more  complete  picture,  we  should  also  consider  the  role 
of  the  sintering  aid,  namely,  MgO  in  this  case,  which  forms  magnesium  silicate.  During 
polishing,  the  high  temperatures  generated  at  the  contact  points  can  result  in  grain 
boundary  sliding  and  viscous  flow  of  the  glassy  phase.  This  can  affect  the  reaction 
kinetics. 


4.  CONCLUSIONS 

In  summary,  the  function  of  Cr203  in  chemo-mechanical  polishing  of  Si3N4  may 
be  considered  as  three  fold.  First,  it  enhances  the  oxidation  kinetics  by  forming 
chromium  nitride  which  facilitates  the  formation  of  the  silica  layer.  Second,  it  increases 
the  nitrogen  ion  residence  time,  which  ultimately  reduces  the  formation  of  surface 
porosity  which  is  crucial  in  achieving  a  good  surface  without  stress  concentrations. 
Third,  it  reacts  with  the  silica  layer  to  form  chromium  silicate,  which  gets  removed 
during  the  subsequent  mechanical  abrasion.  Though,  silica  does  not  provide  a 
protective  layer,  physical  removal  of  the  surface  film  increases  the  diffusional 
characteristics  which  again  facilitates  the  oxidation  process.  This  may  be  termed  as  an 
autocatalytic  action  of  the  abrasive,  which  removes  material  from  the  workmaterial 
while  reacting  with  it,  and  the  mere  action  of  material  removal  again  forms  the  same 
material  which  will  be  removed  in  the  next  instant.  Cr203  can  still  provide  the  catalytic 

effect  as  identified  by  the  earlier  researchers  but  not  exclusively. 
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AIR 


MOTION 


Reactions  occuring  in  the  chemo-mechanical  polishing  of  silicon  nitride  with 
chromium  oxide  abrasive  in  air 

Si3N4  +  3  02  ->3Si02  +  2N2T 

Si3N4  +  2  Cr203  ^  3  Si02  +  4  CrN 

4  Si3N4  +  2  Cr203  +  9  O2  ^  12  Si02  +  4  CrN  +  N2 1 

2  Cr203  +  2  Si02  ^  2  Cr2Si04  +  O2  T 

Figure  1  Schematic  of  the  model  for  chemo-mechanical  polishing 

Si3N4  work  material  with  Cr203  abrasive  in  air 
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MOTION 

WATER  ◄ - 


Reactions  occuring  in  the  chemo-mechanical  polishing  of  silicon  nitride  with 
chromium  oxide  abrasive  in  water 

Si3N4  +  6H20^3Si02  +  4NH3t 
3Si02  +  6  H2O  ^  3  Si(OH)4 
Si3N4  +  2  Cr203  3  Si02  +  4  CrN 

Si3N4  +  Cr203  +  3  H2O  3  Si02  +  2  CrN  +  2  NH3  t 
2  Cr203  +  2  Si02  ^  2  Cr2Si04  +  O2  t 

Figure  2  Schematic  of  the  model  for  chemo-mechanical  polishing 

Si3N4  work  material  with  Cr203  abrasive  in  water 
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APPENDIX  K 


A  THERMAL  MODEL  OF  MAGNETIC  FLOAT  POLISHING  OF 

CERAMICS 


Zhen  Bing  Hou  and  R.  Komanduri 
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ON  THE  THERMAL  ASPECTS  OF  MAGNETIC  FLOAT  POLISHING  (MFP) 

OF  CERAMIC  BALLS 

Hou  Zhen-Bing  and  R.  Komanduri 
Mechanical  and  Aerospace  Engineering 
Oklahoma  State  University 
Stillwater,  OK  74078,  USA 

ABSTRACT 

A  thermal  model  for  the  calculation  of  flash  temperatures  generated  at  the 
contact  points  in  the  magnetic  float  polishing  (MFP)  process  is  presented.  The  heat 
source  at  the  contact  area  between  the  ball  and  the  shaft  in  magnetic  float  polishing 
where  much  of  the  material  removal  takes  place  was  approximated  as  a  disc.  The  disc 
plane  heat  source  was  considered  as  a  combination  of  a  series  of  concentric  circular  ring 
heat  sources  with  different  radii.  Each  ring  in  turn  was  considered  as  a  combination  of  a 
series  of  infinitely  small  arc  segments  and  each  arc  segment  as  a  point  heat  source. 
Starting  with  the  instantaneous  point  heat  source,  Carlsaw  and  Jaeger's  classical 
moving  heat  source  theory  was  used  to  solve  the  circular  ring  heat  source  problem  and 
finally  the  disc  heat  source  problem.  The  flash  temperatures,  flash  times,  and 
temperature  distribution  at  the  interface  between  the  balls  and  the  shaft  of  the 
polishing  apparatus  were  calculated  using  this  technique. 

1.  INTRODUCTION 

Advanced  ceramics,  such  as  silicon  nitride,  alumina,  silicon  carbide  are  difficult-to- 
machine  materials  because  of  their  high  hardness  and  brittleness.  They  are  currently 
finished  by  conventional  grinding  followed  by  polishing.  Unfortunately,  these  processes 
remove  material  mostly  by  brittle  fracture  leaving  behind  several  pits,  microcracks,  and 
other  defects.  Since  ceramics  are  sensitive  to  surface  flaws,  the  performance  and 
reliability  of  parts  fabricated  by  this  process  depends  on  the  quality  of  the  surface  (or 
near  surface)  generated.  Also,  conventional  polishing  takes  considerable  time,  on  the 
order  of  several  weeks.  To  overcome  some  of  the  problems,  a  new  polishing  technique 
known  as  Magnetic  Fluid  Grinding  (MFG)  was  recently  introduced  [1,2].  The  present 
authors,  however,  prefer  the  use  of  the  term  Magnetic  Float  Polishing  (MFP)  instead  of 
Magnetic  Fluid  Grinding  (MFG)  to  describe  the  process,  as  grinding  connotes  the  use  of 
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fixed  abrasive  (grinding  wheel)  while  in  MFP  process  one  uses  loose  abrasives.  In  MFP, 
the  load  on  the  polishing  balls  is  kept  low  (about  1  N/ball)  and  controlled  during  the 
process  so  that  material  removal  by  brittle  fracture  is  minimized,  in  addition,  by  proper 
selection  of  the  abrasive,  polishing  conditions,  and  the  environment  for  a  given  work 
material,  chemo-mechanical  action  can  be  initiated  [3].  Material  removal  by  chemo- 
mechanical  action  is  caused  by  the  formation  of  reaction  products  between  the 
abrasive  and  the  work  material  and  the  environment  under  the  conditions  of  polishing 
thereby  yielding  an  extremely  smooth  surface  with  minimal  amount  of  defects.  In 
addition,  the  polishing  speeds  can  be  significantly  higher  (3000-9000  rpm)  instead  of  a 
few  hundred  rpm  in  conventional  polishing. 

The  chemo-mechanical  action,  however,  depends  on  the  flash  temperatures 
generated  at  the  contact  zone  of  the  polishing  process  as  well  as  the  duration  that 
enable  chemical  reaction  products  to  form  by  the  interaction  of  the  abrasive,  work 
material,  and  the  environment.  The  type  of  reaction  product  that  can  form  depends  on 
the  choice  of  the  abrasive  for  a  given  workmaterial,  the  temperature  generated  and  the 
duration.  The  reaction  product  (wear  debris)  is  subsequently  removed  by  the  mechanical 
action  of  the  abrasive.  In  this  way  higher  removal  rates  can  be  accomplished  without 
causing  damage  due  to  brittle  fracture  of  the  ceramic  workmaterial.  Also,  since 
material  removal  mechanism  depends  mainly  on  the  formation  of  reaction  products, 
softer  abrasives  (softer  than  the  work  material)  can  be  used.  This  method,  thus,  is 
expected  to  overcome  many  problems  of  surface  damage,  such  as  pitting  due  to  brittle 
fracture,  dislodgment  of  grains,  and  scratching  due  to  abrasion  associated  with  the  use 
of  harder  abrasives.  The  resulting  surface  on  ceramics  is  smooth  and  damage-free. 

In  this  paper  thermal  aspects  of  the  magnetic  float  polishing  (MFP)  are 
presented  for  the  first  time.  They  include  a  heat  transfer  model  of  the  process, 
temperature  field  calculation  assuming  the  contact  area  to  be  a  moving  disc  source, 
and  the  calculation  of  the  area  of  expected  flash  temperature  and  related  flash  time. 
The  contact  between  the  ball  and  the  shaft  is  assumed  to  be  disc  shaped.  The  model  is 
illustrated  with  an  example  of  magnetic  float  polishing  of  ceramic  balls. 
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2. 


MAGNETIC  FLOAT  POLISHING  OF  CERAMIC  BALLS 


The  magnetic  float  polishing  technique  was  developed  on  the  principle  of  the 
magneto-hydrodynamic  behavior  of  a  magnetic  fluid  that  can  float  non-magnetic 
abrasives  suspended  in  it  under  the  action  of  a  magnetic  field.  The  process  is  considered 
highly  effective  for  finish  polishing  because  a  low  level  levitational  force  can  be  applied  to 
the  abrasives  in  a  controlled  manner.  Hence,  the  forces  applied  by  the  abrasives  to  the 
part  are  extremely  small  (1  N/ball  or  lower)  and  highly  controllable.  The  magnetic  fluid  is 
a  colloidal  dispersion  of  extremely  fine  (100  to  150  A)  sub-domain  ferromagnetic 
particles,  usually  magnetite  (Fe304),  in  various  carrier  fluids,  such  as  water  or 
kerosene.  The  ferrofluids  are  made  stable  against  particle  agglomeration  by  the  addition 
of  surfactants.  When  a  magnetic  fluid  is  placed  in  a  magnetic  field  gradient,  it  is 
attracted  towards  the  higher  magnetic  field  side.  If  non-magnetic  substances  (e.g., 
abrasives  in  this  case)  are  mixed  in  the  magnetic  fluid,  they  are  discharged  towards  the 
lower  side.  When  the  field  gradient  is  set  in  the  gravitational  direction,  the  non-magnetic 
material  is  made  to  float  on  the  fluid  surface  by  the  action  of  the  magnetic  levitational 
forces.  The  polishing  operation  in  this  process  occurs  due  to  the  magnetic  levitational 
force. 


Figures  1  (a)  and  (b)  are  schematic  and  photograph  of  the  magnetic  float 
polishing  apparatus,  respectively,  showing  permanent  magnets  located  at  the  base  of 
the  apparatus  [4].  The  float  vessel  is  placed  on  top  of  the  magnets  with  alternate  N 
and  S  poles.  A  guide  ring  is  provided  on  top  of  the  float  vessel  to  contain  the  magnetic 
fluid.  Magnetic  fluid  containing  fine  abrasive  particles  is  filled  into  the  chamber.  Balls  to 
be  polished  are  located  between  the  drive  shaft  and  the  float  around  the  periphery  of  the 
float  vessel.  The  silicon  nitride  ball  blanks  are  held  in  a  3-point  contact  between  the 
float  at  the  bottom,  chamber  wall  on  the  side,  and  a  shaft  at  the  top.  When  a 
magnetic  field  is  applied,  the  balls,  abrasive  grains,  and  the  float  of  non-magnetic 
material  all  are  pushed  upwards  by  the  magnetic  fluid.  The  balls  are  pressed  against  the 
drive  shaft  and  are  finished  by  the  rotation  of  the  drive  shaft.  The  material  of  the  shaft 
is  selected  from  an  appropriate  non-magnetic  material.  In  this  study,  a  stainless  steel 
shaft  and  water-based  magnetic  fluid  are  used.  It  has  been  reported  that  sliding  of 
silicon  nitride  on  stainless  steel  in  the  presence  of  a  water-based  magnetic  fluid  results 
in  the  formation  of  a  layer  of  chemical  reaction  products  [5]  and  use  of  chromium  oxide 
abrasive  in  polishing  silicon  nitride  [6-8]  promotes  chemo-mechanical  action.  These 
conditions  are  assumed  in  the  present  analysis. 
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3.  THERMAL  ASPECTS  OF  MAGNETIC  FLOAT  POLISHING 


Heat  Transfer  Model 

In  magnetic  float  polishing,  the  contact  area  between  the  ball  and  the  shaft  is 
approximated  to  a  circular  disc  with  a  diameter  in  the  range  of  ~10  to  20  )xm  depending 
on  the  hardness  of  the  ball  and  the  shaft  as  well  as  the  contact  load.  Typically  a  load  of 
1  N/ball  is  used  in  MFP.  Hence  this  value  is  used  in  the  present  analysis.  The  contact 
area  is  estimated  using  the  hardness  of  the  ball  (or  the  shaft)  material  and  the  load 
acting  on  each  ball.  The  sliding  velocity  of  the  ball  (v  m/sec)  is  generaily  in  the  range  of 
1  to  6  m/sec.  Therefore,  the  heat  generated  on  the  contact  area,  q  is  given  by: 

q  =  0.2388  •  P  •  |i  •  v  cal/sec 

where  p.  is  the  coefficient  of  friction  (in  the  presence  of  a  water  based  magnetic  fluid,  p 
between  a  Si3N4  ball  and  the  shaft  material  is  assumed  to  be  0.25  [9]),  and  P  is  the 
load  applied  on  the  ball  in  Newtons. 

Figure  2  shows  schematically  the  model  used  for  simulating  the  heat  transfer 
process  during  magnetic  float  polishing  of  ceramic  balls.  For  convenience,  as  well  as,  for 
the  choice  of  a  model  closer  to  practice,  a  normal  distribution  of  the  heat  generation 
from  the  center  to  the  periphery  is  considered.  A  moving  disc  heat  source  with  a  radius 
of  ro  cm  and  heat  generation  intensity  of  q  cal/sec,  moves  on  the  ceramic  surface  with 
a  velocity  of  v  m/sec.  In  this  initial  analysis,  the  variation  of  thermal  properties  with 
temperature  of  the  ball  and  the  shaft  materials  are  not  considered.  The  objective  of  this 
analysis  is  to  determine  the  temperature  rise  at  any  point  nearby  and  at  the  heat 
source,  including  on  the  surface  as  well  as  in  the  subsurface. 

In  order  to  solve  the  moving  heat  source  problem,  it  is  convenient  to  change  it 
from  an  unsteady  to  a  quasi-steady  state  along  the  lines  originally  proposed  by 
Rosenthal  [10].  Carlsaw  and  Jaeger  [11,12]  gave  a  complete  analyses  of  the  various 
moving  heat  source  problems.  They  suggested  the  use  of  instantaneous  point  heat 
source  as  the  basis  for  analysis  which  can  then  be  applied  to  various  configurations  of 
interest.  We  found  this  method  to  be  very  convenient  in  solving  the  problem  of  moving 
disc  plane  heat  source  with  normal  distribution  of  heat  generation,  for  the  problem 
considered  here.  While  many  researchers  have  considered  the  flash  temperatures 
(maximum  and  mean  values)  [13-15],  for  the  study  of  chemo-mechanical  reactions,  one 
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should  consider  not  only  the  maximum  temperature  but  also  the  distribution  of 
temperature  at  and  around  the  heat  source.  This  will  enable  the  calculation  of  flash 
times  at  any  given  temperature. 

The  disc  plane  heat  source  can  be  considered  as  a  combination  of  a  series  of 
concentric  circular  ring  heat  sources  with  different  radii  (from  r=0  to  ro).  Each  ring  can 
be  regarded  as  a  combination  of  a  series  of  infinitely  small  arc  segments  and  each 
segment  as  a  point  heat  sources.  Based  on  the  solution  of  the  instantaneous  point  heat 
source,  we  can  solve  the  instantaneous  circular  ring  heat  source  problem. 

Instantaneous  Rina  Heat  Source  Problem 

Figure  3  is  an  illustration  of  the  instantaneous  ring  heat  source  problem.  The 
origin  of  the  coordinate  system  coincides  with  the  center  of  the  instantaneous  ring  heat 
source  with  radius,  ro.  Consider  a  small  segment  of  the  ring  heat  source  (ro  da)  as  an 
instantaneous  point  heat  source. 


Using  the  solution  for  the  instantaneous  point  heat  source  [11,12],  the 
temperature  rise  caused  by  the  ring  segment  of  the  heat  source  at  any  point  M  and  at 
any  instant  x  (the  time  after  the  initiation  of  the  instantaneous  ring  segment  heat 
source)  can  be  calculated  as: 


deM 


_ Qrg  da 

cp(47i:ax)3/2 ,2n*  ^ 


where  Qrg  is  the  heat  released  by  the  instantaneous  ring  heat  source  in  calories, 
Qrg/27cro  is  the  heat  released  by  the  ring  heat  source  per  unit  length,  and  Qrgda/27r  is 
the  heat  released  by  the  segment  roda,  where  r2  =  r'2  +  z2 ,  r'  is  the  projection  of  R  on 
x-o-y  plane,  r'2  =  ro2  +  r2  -2rrocosa  ,  R2  =  ro2  +  r2  +  z2  -2  r  ro  cosa,  and  r  is  the 
projection  of  distance  vector  between  the  center  of  ring  heat  source  o  and  any  point  M 
on  plane  x-o-y  of  interest. 

The  total  temperature  rise  at  any  point  M,  caused  by  the  whole  ring  heat  source  is  given 
by; 


=  cp(4°at)3/2  • 
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Here,  5-  J  exp  (pcosa)da  is  the  modified  Bessel  function  of  the  first  kind 

^71  n 


order  zero  and  designated  as  lo  (p),  where  p  =  ^ 


Hence, 


Qrg 


=  cp(4jt)3/2  • 


f  rp^  +  r2  + 

4aT 


lo 


rrp^ 

2ax 


(1) 


For  the  case  shown  in  Figure  2,  Eq.  (1)  can  also  be  written  as: 


Qra  f  rn^  +  \  ,  r  ro  ro - o 

=  cp(47caV/2  •  4aT  ]  •  '® 


ro2  +  x2jj^2j^\  /  rp 


(2) 


For  ease  of  later  derivations  for  a  moving  ring  heat  source  problem,  the  function 
lp(p)  can  be  replaced  by  the  following  approximate  exponential  functions  with  error  less 
than  5%. 

when  p  <  1 .6  Ip  (p)  =  0.935.exp(.352p) 

when  1 .6  <=  p  <=  3  lo  (p)  =  0.529«exp(.735p) 

when  p  >  3  lo  (p)  =  exp(p)/{27cp)-^ 


Moving  Rina  Heat  Source  Problem 

Figure  4  illustrates  the  moving  ring  heat  source  problem,  x-,  y-,  z-  axes  are  the 
absolute  coordinate  system  while  X,  y,  z  axes  are  the  corresponding  moving  coordinate 
system  which  has  its  origin  coinciding  with  the  center  of  the  moving  ring  heat  source  and 
moving  with  it  with  the  same  velocity  along  the  X-axis.  Figure  4  gives  the  relationships 
between  the  spatial  and  temporal  parameters.  As  shown  in  the  upper  part  of  Figure  4, 
a  moving  ring  heat  source  continuously  liberates  heat  qrg  (cal/sec)  and  moves  along  the 
X-axis  with  a  velocity  v  (cm/sec).  It  is  intended  to  determine  the  temperature  rise  at 
any  point  M(x,y,z)  and  at  t  sec  after  the  initiation  of  the  heat  source. 

Consider  a  small  time  interval  dxj  at  time  xj  [  refer  to  Figure  4  ]: 
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1.  In  this  time  interval,  the  heat  liberated  by  the  ring  heat  source  which  can  be 
considered  as  liberated  instantaneously  is  given  by  qrg  •  dxj ,  cal. 

2.  At  instant  xj,  the  ring  heat  source  has  moved  a  distance  vxj,  [see  Figure  4]. 
So  the  location  of  M  relative  to  the  heat  source  center  has  changed.  The  projection  of 
the  distance  vector  between  the  center  of  the  ring  heat  source  and  point  M  on  plane  x- 
o-y  has  changed  from  r  to  rj,  where  rj^  =  (x-vxi)2  +  y2 


3.  At  time  xj,  the  heat  liberated  in  the  small  time  interval  dxj  will  cause  a  certain 
temperature  rise  at  point  M  at  time  t: 


dGM  = 


qrg  dxj 


cp{47cax)3/2 


exp 


ro2  +  (x  -  vxi)2  +  y2  +  z2^,  [  ro  n - lo — o 

- to -  •  'o  2ir/(=<-”i)2  +  y2 


(3) 


To  solve  this  moving  heat  source  problem,  we  need  to  convert  the  unsteady 
state  problem  into  a  quasi-steady  state  problem  to  facilitate  mathematical  analysis. 
For  this,  we  have  to  use  moving  coordinate  system  and  find  a  way  to  eliminate  the  time 
variables  (Xj,  x)  in  Equation  3. 


For  changing  the  coordinate  system,  we  should  consider  the  case  of  a  moving 
coordinate  system  having  its  origin  coinciding  with  the  center  of  the  moving  ring  heat 
source  and  moving  with  the  same  velocity  as  the  heat  source. 

From  Figure  4,  it  can  be  seen,  that  the  X-direction  component  of  the  distance 
vector  between  the  center  of  the  heat  source  and  point  M  (which  is  of  interest)  is 
changing  with  time.  At  the  instant  xj ,  it  is  given  by: 


X  -  VXj  =  X  -  V  (t  -  x)  =  X  -  vt  +  vx 


Here,  the  term  (x-vt)  is  just  the  location  of  point  M  in  a  moving  coordinate  system  in  the 
X-direction  as  shown  in  Figure  4,  designated  as  X,  that  is: 

X  -  vxj  =  X  -I-  vx 
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where  Xj  =  t-x,  and  dTj  =  -dT 

The  total  temperature  rise  of  point  M  at  time  t,  caused  by  the  moving  ring  heat  source 
from  Tj  =  0  to  Tj  =  t  is  given  by: 


OM 


grq  f^'  ^  dxi 
cp(47ca)3/2  x3/2  P 


rp^  +  (X  +  vx)2  +  y2  +  z2> 
4aT 


lo 


roV  (X  +  vt)2  +  y2 
2aT 


(4) 


Here  (X  +  vx)2  =  X2  +  2Xvx  +  v2x2, 


Hence, 
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exp 
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=  exp 
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Thus,  Eq.  (4)  can  be  written  as: 
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=  (o;  Rh^  =  rp2  +  x2  +  y2  +  z2;  ^  =  V; 
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Substituting  these  values,  we  get 


It  can  be  seen  that  for  different  values  of  X,  the  form  of  the  curve  is  different  but  is 
always  convergent  when  co  ->  0  and  co  ^  10  (Figure  5).  Also  note  that  the  function 
f(co)  increases  initially  for  x=  1,  3, 4.8  |j,m  and  then  decreases  with  further  increase  of  x 
to  7, 9  ^im.  Since,  in  practice,  the  upper  limit  of  integration  of  Equation  5  is  always  much 
larger  than  10,  we  can  consider  the  upper  limit  as  oo.  Once  the  integration  is  from  zero 
to  infinity,  the  variable  co  becomes  merely  a  dimensionless  real  number.  Thus  in 
Equation  5  the  time  variables  disappear.  The  temperature  rise,  therefore,  will  no  longer 
be  dependent  on  time.  This  means,  at  all  those  points  in  the  moving  coordinate  system, 

the  temperature  rise  reaches  a  steady  state,  i.e.  =  oV  This  is  the  so  called  quasi- 

steady  state.  Of  course,  if  the  locations  of  those  points  are  designated  by  the  absolute 
coordinate  system,  their  distances  relative  to  the  heat  source  will  be  changing  with  time. 
Thus,  their  temperature  rises  will  still  be  time  dependent,  i.e.  they  are  in  unsteady  state. 

When  the  approximate  equations  for  the  special  function  lo(p)  are  used,  Eq.  5 
can  be  written  as: 
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where,  qrg  the  heat  generated  by  a  ring  heat  source,  cal/sec. 

V  sliding  velocity,  cni/sec. 

X  thermal  conductivity  of  silicon  nitride,  cal/cm.sec.  OC. 
a  thermal  diffusivity  of  silicon  nitride,  cm^/sec. 

X,y  co-ordinate  of  the  point  of  interest, 

V  V=  v/2a 

CO  a  dimensionless  number  which  has  its  maximum  value  equals 
to  the  upper  limit  of  the  integration, 
ro  the  radius  of  the  ring,  cm. 

lo  (p)  a  modified  Bessel  function  of  first  kind  order  zero. 


Rh^  =  ro2  +  x2  +  y2  +  z2 

when  p  <  1 .6  lo  (p)  =  0.935.exp(.352p) 

when  1 .6  <=  p  <=3  lo  (p)  =  0.529.exp(.735p) 

when  p  >  3  lo  (p)  =  exp(p)/(27tp)-5 

Using  Eq.  6,  we  can  calculate  the  temperature  rise  at  any  point  near  by  and  on 
the  moving  ring  heat  source.  Thus  we  can  obtain  a  complete  picture  of  the  temperature 
distribution  around  the  moving  ring  heat  source.  Eq.  6  is  for  an  infinitely  large  conduction 
medium.  For  semi-infinite  solid,  the  temperature  rise  on  the  surface  and  under  the 
surface  is  given  by : 
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The  disc  heat  source  can  be  considered  as  a  combination  of  a  series  of 
concentric  ring  heat  sources  with  different  radii  from  zero  to  ro  ( here  ro  is  the  radius  of 

the  disc  heat  source).  Usually  the  intensity  of  heat  liberation  is  not  uniformly  distributed 
from  the  center  to  the  periphery.  A  reasonable  assumption  would  be  to  consider  it  as 
distributed  normally. 


Based  upon  the  above  considerations  the  solution  for  the  moving  disc  heat 
source  for  a  semi-infinite  body,  as  in  the  present  case,  is  given  by  the  following  equation: 


Rh2  =  |'j2  +  x2  +  y2  +  z2 

when  p<1.6  lo  (p)  =  0.935.exp(.352p) 

when  1 .6  <=  p  <=  3  lo  (p)  =  0.529«exp(.735p) 

when  p  >  3  lo  (p)  =  exp(p)/(27rp)-5 
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Calculation  of  the  Temperature  Field  of  a  Moving  Disc  Shaped  Heat  Source 


In  the  magnetic  float  polishing  of  ceramic  (Si3N4)  balls,  the  diameter  of  the 
contact  area  under  a  load  of  1  N  per  ball  can  be  calculated  using  the  hardness  of  the 
shaft/bail  material  combination.  Table  I  gives  the  contact  diameters  for  different  shaft 
materials. 

For  the  calculation  of  the  temperature  field  on  the  surface  of  the  ball  around  the 
contact  area  in  magnetic  float  polishing  process,  representative  data  given  in  Table  II 
are  used: 

Total  heat  generated  at  the  contact  area  in  the  process  of  polishing  is  given  by: 


Qtotal  ~  P  •  •  V  •  0.2388 


For  P  =  1  N/ball;  p.  =  0.25,  qtotal  (cal/sec)  for  various  values  of  v  are  given  in  Table  III. 

Of  the  total  heat  generated  at  the  contact  area  in  MFP,  some  of  the  heat  flows 
into  the  ceramic  ball,  while  the  remaining  flows  into  the  abrasive.  The  heat  partition  is 
assumed  to  depend,  on  the  ratio  of  the  thermal  conductivities  of  the  materials  of  the 
two  contacting  bodies. 

The  percentage  of  the  fraction  of  the  heat  that  flows  into  the  ball,  x,  is  given  by : 

X  =X^  I  {X^  ■+X2) 

X  =  0.026/(0.026  +  0.076)'1 00  %  =  25.5% 

Thus,  qdc  =  0-255 -qtotal 


Figure  6  is  distribution  of  the  temperature  rise  calculated  on  the  surface  (by 
substituting  z  =  0)  of  the  contact  area  in  MFP  for  v  =  3  m/sec.  Figure  7  is  the 
calculated  values  of  the  temperature  rise  on  the  surface  along  the  X-axis  (y  =  0,  z  =  0) 

for  different  sliding  velocities,  v  =  1 ,  2,  3,  4,  5,  and  6  m/sec,  radius  of  the  moving  disc 
heat  source  ro=12.6  |im,  and  location  of  the  center  of  the  heat  source  is  X=0,  y=0.  It 

can  be  seen  that  the  flash  temperatures  (maximum)  generated  can  be  very  high, 
depending  on  the  sliding  speed.  For  a  sliding  speed  of  1  m/sec,  it  is  about  226  and 
increases  with  increase  in  the  sliding  speed  to  1038  °C  at  6  m/sec.  Figure  8  shows  the 
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isotherms  of  different  temperatures  on  the  surface  for  v  =  3  m/sec,  ro=12.6  |im  which 
can  be  used  to  calculate  the  flash  times  at  relevant  flash  temperatures.  Each  of  it 
involves  the  area  where  the  temperature  rise  is  higher  than  that  of  the  isothermal.  The 
length  of  the  area  enclosed  by  relevant  isotherms  in  the  X-direction  can  be  estimated 
from  this  figure. 

The  flash  time  is  given  by  the  following  relationship: 
flash  time  =  ^.  106  M-sec 

where  L  -  length  of  the  region  where  the  temperature  higher  than  a 
certain  critical  temperature  in  cm. 

V  -  velocity  of  motion  of  the  moving  heat  source  in  cm/sec. 

Based  on  this,  the  flash  times  at  relevant  flash  temperatures  can  be  obtained 
as  shown  in  Table  IV.  The  room  temperature  is  assumed  as  20  ^C. 

For  the  example  shown  in  Table  IV,  for  a  flash  temperature  higher  than  100  ^C,  the 
flash  time  is  12.6  psec  but  for  a  flash  temperature  of  higher  than  500  ^C,  the  flash 
time  reduces  to  2.1  psec.  Even  this  short  time  can  be  adequate  for  the  chemo- 
mechanical  action  to  take  place. 


4.  DISCUSSION 

A  thermal  model  for  a  moving  disc  shaped  heat  source  was  developed  in  this 
investigation  starting  from  the  Jaeger's  instantaneous  point  heat  source.  This  model 
enables  the  calculation  of  the  flash  temperatures,  flash  times,  and  temperature 
distribution  at  the  contact  area.  This  model  was  then  applied  to  calculate  the  flash 
temperature  and  flash  times  in  MFP  of  silicon  nitride  balls. 

It  may  be  pointed  out  that  many  of  the  earlier  models  used  approximate 
equations  to  calculate  the  maximum  flash  temperature  while  in  this  paper  we  have 
presented  exact  solutions  starting  from  the  Jaeger's  instantaneous  point  heat  source. 
Those  approximate  equations  mentioned  above  can  give  acceptable  values  of  maximum 
flash  temperature  only  when  the  sliding  speed  is  high  and  the  heat  source  is  a  uniformly 
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distributed  band  or  rectangular  heat  source.  Such  a  model,  however,  may  not  represent 
cases  of  polishing,  grinding,  and  most  frictional  sliding  contacts.  The  consideration  of 
using  disc-shaped  moving  heat  source  with  a  normal  distribution  of  the  heat  liberation 
intensity  is  closer  to  the  practical  cases.  In  the  analysis  presented  here,  one  can 
calculate  the  temperatures  over  a  wide  range  of  sliding  speeds.  Also,  using  the 
equations  developed  here,  one  can  also  calculate  not  only  the  maximum  and  mean 
temperatures  but  also  the  complete  map  of  temperature  distribution  in  and  around  the 
heat  source.  This  we  believe  is  our  contribution  in  this  paper. 

In  the  determination  of  chemical  reaction  products  that  may  form  in  chemo- 
mechanical  polishing,  both  flash  temperatures  and  flash  times  have  to  be  considered. 
The  mathematical  analysis  presented  here  enables  the  calculation  of  flash  times  which 
is  not  possible  with  the  use  of  approximate  solutions  mentioned  above.  Also,  the 
mathematical  analysis  presented  here  imposes  no  restrictions  on  the  size  of  the  sample 
while  that  of  using  FEM  analysis  is  by  necessity  limited  by  the  mesh  size. 

Using  chromium  oxide  abrasive  in  MFP  of  silicon  nitride  balls,  at  the  pressures 
and  sliding  speeds  used,  the  flash  temperatures  generated  are  reasonably  high  and  the 
corresponding  flash  times  sufficiently  long  to  generate  specific  reaction  products,  such 
as  oxidation  of  silicon,  and  the  formation  of  chromium  nitride  and  chromium  silicate 
compounds  [7,8].  Based  on  the  Gibb’s  Free  Energy  (aQO)  calculations,  it  was  shown 
that  oxidation  of  silicon  nitride  in  air  can  take  place  around  167  OC.  It  can  be  seen  from 
Figure  7,  that  even  at  relatively  low  sliding  speed  (2  m/sec),  the  flash  temperature  in 
polishing  far  exceeds  the  temperature  required  for  the  oxidation  of  silicon  nitride  with 
sufficiently  long  duration  of  time  for  the  reaction  products  to  form.  Of  course,  at  the 
higher  speed,  namely,  6  m/sec,  the  temperature  rise  exceeds  1000  ^C.  At  these 
conditions  chemo-mechanical  reactions  can  be  formed  between  the  silicon  nitride  balls 
and  the  chromium  oxide  abrasive  in  MFP  resulting  in  the  formation  of  chromium  nitride 
and  chromium  silicate.  Thus  chemical  reactions  can  be  activated  during  polishing  by 
proper  choice  of  the  abrasive  for  a  given  workmaterial,  the  environment  and  polishing 
conditions. 

Examination  of  the  wear  debris  (in  the  SEM  with  an  X-ray  microanalyzer  and  a 
low  angle  X-ray  diffraction  apparatus)  obtained  in  MFP  of  silicon  nitride  balls  using 
chromium  oxide  abrasive  showed  conclusively  that  Cr203  does  participate  in  the 
chemo-mechanical  polishing  of  Si3N4  forming  chromium  nitride  and  chromium  silicate 
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[7,8].  This  work  establishes  the  role  of  Cr203  not  as  a  mere  catalyst  but  one  actively 
taking  part  in  the  chemical  reactions  during  chemo-mechanical  polishing  [8].  Based  on 
it,  models  were  developed  for  the  chemo-mechanical  polishing  of  Si3N4  in  water  (i.e. 
water  based  magnetic  fluid)  and  dry  with  Cr203  abrasive.  These  models  are  based  on 
the  formation  of  such  reaction  products  as  chromium  silicate  and  chromium  nitride  in 
addition  to  the  formation  of  silica  layer  on  the  surface  of  Si3N4  as  well  as  the  gaseous 
reaction  products,  such  as  ammonia  (in  water)  and  nitrogen  (in  air). 

It  may  be  pointed  out  that  approximate  equations  for  flash  temperatures  were 
used  earlier,  basically  to  reduce  the  mathematical  computational  time.  However,  with 
the  advent  of  fast  computers,  use  of  exact  equations,  starting  from  the  fundamental 
equation  of  Jaeger's  instantaneous  point  heat  source  does  not  necessarily  pose  any 
serious  limitation.  Besides,  the  results  are  more  accurate. 

Although  a  circular  disc  heat  source  was  considered  in  this  investigation,  it  is 
possible  to  consider  other  geometries,  such  as  elliptical,  square,  tear  shaped  heat 
sources  using  a  similar  approach  as  presented  here  starting  with  the  Carlsaw  and 
Jaeger's  instantaneous  point  heat  source  solution.  This  way  other  manufacturing 
operations,  such  as  high-energy  beam  machining,  surface  coatings,  surface  heat 
treatment,  and  welding  as  well  as  tribological  problems  where  moving  disc  heat  source 
plays  an  important  role  can  be  addressed. 

5.  CONCLUSIONS 

1.  A  disc  shaped  moving  heat  source  problem  is  solved  mathematically.  Equation  8  is 
the  mathematically  accurate  solution  for  disc  shaped  moving  heat  source.  It  can  be 
applied  to  calculate  the  flash  temperatures  generated  at  the  contact  point  between  the 
balls  and  the  driving  shaft  surface  in  magnetic  float  polishing  (MFP). 

2.  Using  the  equation  for  the  moving  disc  heat  source  for  a  semi  infinite  body 
(Equation  8),  a  complete  map  of  the  temperature  distribution  around  the  moving  disc 
heat  source  can  be  obtained  as  shown  in  Figures  6  -  8. 

3.  In  the  process  of  mathematical  derivation,  the  limits  of  integration  were  taken  as 
0  and  oo.  This  is  based  on  a  rigorous  analysis  of  the  relevant  function  f((o)  as  shown  in 
Figure  5.  No  arbitrary  assumptions  are  made.  As  shown  in  Figure  5,  the  function  f(co) 
converges  when  co  ^10 .  The  practical  upper  limit  of  v2t/4a  is  generally  much  larger 
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than  10.  Once  the  integration  is  from  0  to  oo,  the  variable  o)  becomes  merely  a 
dimensionless  real  number.  Thus,  the  time  variable  disappears  and  the  temperature  rise 
will  no  longer  depend  on  the  time  and  the  so-called  quasi-steady  state  condition  results. 

4.  In  solving  the  numerical  integration,  however,  the  upper  limit  is  taken  as  10  (not 

and  the  lower  limit  as  0.01.  As  can  be  seen  from  Figure  5,  no  noticeable  error  results 

from  this  assumption,  and  at  the  same  time  it  reduces  the  computational  time 
significantly. 

5.  The  equation  for  the  moving  disc  heat  source  for  a  semi  infinite  body  (Equation  8) 
is  the  general  solution  for  a  moving  disc  heat  source.  In  this  investigation  it  is  applied  for 
magnetic  float  polishing  (MFP)  of  silicon  nitride  balls.  However,  a  similar  approach  can 
be  applied  to  address  different  manufacturing  applications  including  high  energy  beam 
machining,  surface  coating,  surface  heat  treatment,  and  welding. 

6.  The  flash  temperatures  (maximum)  generated  can  be  very  high,  depending  on 
the  sliding  speed.  For  a  sliding  speed  of  1  m/sec,  it  is  about  226  and  increases  with 
increase  in  the  sliding  speed  to  1038  at  6  m/sec.  However,  the  flash  time  decreases 
with  increase  in  the  flash  temperature.  For  the  example  shown  in  Table  IV,  for  a  flash 
temperature  higher  than  100  ^C,  the  flash  time  is  12.6  ^isec  but  for  a  flash 
temperature  of  higher  than  500  ^C,  it  reduces  to  2.1  [isec.  Although  the  flash  times 
are  on  the  order  of  a  few  microseconds,  it  is  possible  to  initiate  reaction  products 
between  the  workpiece  and  the  abrasive  as  evidenced  by  the  X-ray  diffraction  studies 
of  the  wear  debris  formed  in  magnetic  float  polishing  [7, 8]. 

7.  While  flash  temperatures  can  be  used  as  a  basis  for  thermodynamic  analysis 
(free  energy  of  formation)  for  the  feasibility  of  initiating  a  particular  chemical  reaction 
product  that  can  be  formed  between  the  workmaterial,  abrasive,  and  the  environment, 
flash  times  are  needed  to  investigate  the  kinetics.  However,  an  analysis  of  this  type 
assumes  equilibrium  conditions  while  in  practice,  the  conditions  are  far  different  from 
equilibrium. 
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Table  I  Contact  Diameters  for  Different  Shaft  Materials 


Material  of  Driving  Shaft 

Hardness,  Kg/mm2 

Contact  Diameter,  p,m 

Silicon  Nitride 

1800 

8.4 

Steel  (soft) 

200 

25.2 

Silicon  Carbide 

2500 

7.1 

Aluminum  Oxide 

2100 

7.8 

Zirconia 

1400 

9.5 

Table  II  Representative  Data  for  the  Calculation  of  the  Temperature  Field 


Material  of  the  driving  shaft 

:  Stainless  steel 

Load  on  the  ball  (silicon  nitride),  P 

:  1  N/ball 

Sliding  speed,  v 

:  1  ~  6  m/sec 

Thermal  properties  of  silicon  nitride: 

Thermal  conductivity, 

:  0.026  cal/cm«sec.°C 

Thermal  diffusivity,  a 

:  0.039  cm2/sec 

Specific  heat,  c 

:  0.207  cal/g.°C 

Density,  p 

:  3.19g/cm3 

Thermal  conductivity  of  chromium  oxide,  X,2 

:  0.076  cal/cm.sec.°C 
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Table  III  Values  of  qtotal  foi"  Different  Sliding  Velocities 
(P  =  1  N  and  \i  =  0.25) 


Sliding  velocity, V  m/sec 

2 

0.1194 

3 

0.1791 

4 

0.2388 

5 

0.2985 

6 

0.3582 

Table  IV  Flash  Times  for  Different  Flash  Temperatures 
(P=1N/ball,  v=3  m/sec) 


Flash  temperature 
higher  than,  °C 

100 

200 

300 

500 

600 

12.6 

6.2 

4.1 

2.1 

1.2 
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nRIVE  SHAFT 
ACRYLIC  GUIDE  RING 

MAGNETIC  FLUID  AND 
ABRASIVES 

URETHANE  RUBBER 
CERAMIC  BALLS 
ACRYLIC  FLOAT 

ALUMINIUM  CHAMBER 

MAGNETS 

STEEL  BASE 


Rgure  1  Schematic  of  the  magnetic  float  polishing  apparatus  showing 
permanent  magnets  located  at  the  base  of  the  apparatus  [4], 


moving  disc  shape  heat  source 


Rgure  2  Schematic  model  used  for  simulating  the  heat  transfer  process 
during  magnetic  float  polishing  of  ceramic  balls 


Temperature 


700 


Figure  6  Temperature  rises  on  the  surface  (x-y  plane)  for 
different  X  and  y  (z=0),  v=3  m/sec 
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0005 


Temperature  rise,  0  °C 


Distance  from  center  of  contact,  X  pm 


Figure  7  Calculated  temperature  rise  on  the  surfac  along  the  X-axis 
(y  =  0,  z  =  0)  for  various  velocities,  v  =  1 , 2, 3, 4, 5  and  6m/sec. 
Radius  of  the  moving  heat  source  is  12.6  pm.  P=1  N/ball.  Location 
of  the  center  of  the  moving  heat  source:  X=0,  y=0. 
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APPENDIX  L 


A  THERMAL  MODEL  OF  MAGNETIC  ABRASIVE  FINISHING 

(MAF)  OF  CERAMICS 


Zhen  Bing  Hou,  S.  R.  Bhagavatula,  and  R.  Komanduri 
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A  THERMAL  MODEL  OF  THE  MAGNETIC  ABRASIVE  FINISHING  (MAF)  OF 

CERAMIC  ROLLERS 


Hou  Zhen-BIng,  S.  R.  Bhagavatula,  and  R.  Komanduri 
Mechanical  and  Aerospace  Engineering 
Oklahoma  State  University 
Stillwater,  OK  74078,  USA 

ABSTRACT 

Using  the  moving  disc  heat  source  model  developed  by  Hou  and  Komanduri  [1], 
flash  times  and  flash  temperatures  generated  at  the  contact  points  between  the 
workmaterial  (silicon  nitride  roller)  and  the  abrasive  (chromium  oxide)  in  magnetic 
abrasive  finishing  (MAF)  process  were  calculated.  The  heat  source  between  a  magnetic 
abrasive  particle  and  the  contact  point  on  the  workmaterial  (where  the  material 
removal  takes  place)  was  approximated  to  a  disc.  The  flash  temperatures  generated 
were  found  to  be  a  function  of  the  polishing  pressure  as  well  as  the  rotational  speed  of 
the  workmaterial.  They  were  also  found  to  be  sufficient  to  activate  chemo-mechanical 
action  between  the  silicon  nitride  workmaterial  and  the  chromium  oxide  abrasive. 
Examination  of  the  wear  debris  indicated  the  formation  of  the  reaction  products, 
namely,  chromium  silicate  and  chromium  nitride  as  shown  elsewhere  [3,4].  Surface  finish 
on  the  order  of  5  nm  (Ra)  were  obtained  in  polishing  of  the  silicon  nitride  rollers  by  this 
technique. 


1.  INTRODUCTION 

The  temperatures  generated  at  the  contact  area  between  the  workmaterial  and 
the  abrasive  during  polishing  is  an  important  parameter  that  can  determine  the 
possibility  of  chemical  reaction  in  the  contact  regions.  Similarly,  the  flash  times 
determine  the  rate  of  chemical  reaction  and  consequently  the  chemo-mechanical 
polishing  of  the  workmaterial.  It  is,  however,  somewhat  impractical  to  measure  the 
temperatures  at  the  points  of  contact  experimentally.  Therefore,  one  has  to  resort  to 
analytical  techniques,  such  as  the  heat  transfer  model  developed  recently  by  Bing  and 
Komanduri  [1].  That  model  uses  a  moving  disc  heat  source  and  Jaeger's  classical 
solutions  to  determine  the  flash  temperatures  generated  at  the  point  of  contact 
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between  the  abrasive  and  the  work  material.  In  the  following,  a  brief  description  of  the 
magnetic  abrasive  finishing  (MAF)  process  is  given.  This  is  followed  by  a  brief 
description  of  the  theoretical  model  of  the  moving  disc  heat  source  problem.  An 
example  calculation  is  presented  in  the  Appendices  and  results  of  that  work  are 
presented  under  Discussion. 

2.  MAGNETIC  ABRASIVE  FINISHING 

The  magnetic  abrasive  finishing  (MAF)  process  is  a  novel  technique  for  fine 
polishing  of  cylindrical  specimens  such  as  rollers  used  in  ceramic  hybrid  bearings  [2].  The 
material  removal  rate  is  generally  high  (1  ^im/min)  and  finish  quality  is  also  excellent  ( Ra 
5  nm).  Figures  1  (a)  and  (b)  are  schematic  and  photograph  of  the  MAF  process, 
respectively.  The  apparatus  consists  of  an  electromagnet  for  the  generation  of  the 
magnetic  field.  A  copper  coil,  wound  in  the  form  of  solenoid,  is  used  for  the  generation  of 
the  magnetic  field  in  the  core.  The  magnetic  core  material  is  generally  a  low  carbon  steel 
(0.16%  C).  Magnetic  heads  are  designed  such  that  the  magnetic  field  is  concentrated 
surrounding  the  air  gap  between  the  magnetic  heads  with  minimum  leakage  for  the  roller, 
which  is  made  of  non-magnetic  ceramic  material.  A  pneumatic  air  vibrator  is  used  to 
provide  the  vibratory  motion  to  the  magnetic  head  so  that  circumferential  grooves  that 
may  form  otherwise  can  be  eliminated.  The  equipment  is  mounted  on  a  1 .5  hp,  Hardinge 
precision  lathe  with  a  continuous  speed  range  of  up  to  3000  rpm.  Table  I  gives  the 
specifications  of  the  magnetic  abrasive  finishing  equipment. 

The  magnetic  abrasive  is  an  agglomerate  of  ferromagnetic  particles  and  fine 
hard  abrasive.  The  magnetic  abrasive,  when  charged  into  the  gap  between  the 
magnetic  poles,  forms  two  magnetic  abrasive  brushes  around  the  periphery  of  the  roller 
(Figure  2).  When  a  nonmagnetic  cylindrical  workpiece,  such  as  a  ceramic  roller,  is  placed 
in  the  magnetic  field  with  rotary  and  vibratory  motions  (with  or  without  a  lubricant), 
surface  and  edge  finishing  operations  are  performed  by  these  magnetic  abrasive 
brushes.  The  process  is  highly  efficient  and  the  removal  rate  and  finish  depend  on  the 
workpiece  circumferential  speed,  magnetic  flux  density,  working  clearance,  workpiece 
material,  size  of  the  magnetic  abrasive  agglomerate,  including  the  type  of  abrasive 
used,  grain  size,  and  volume  fractions  of  the  abrasive  and  magnetic  material  in  the 
agglomerate.  The  diameters  of  the  ferromagnetic  particles  of  the  agglomerates  are  in 
the  range  of  100  to  400  pm  and  the  diameters  of  the  fine  hard  abrasives  are  in  the 
range  of  5  to  10  pm. 
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Table  I:  Specifications  of  the  Magnetic  Abrasive  Finishing  Equipment 


Machine  capacities: 

Machine  Tool 

1.5  hp,  Hardinge  high  precision  lathe 

Lathe  speed 

500-  2,500  rpm 

Workpiece  size 

5-25  mm  diameter  x  120  mm  long 
cylindrical  roller 

Polishing  capacity 

45  mm  long 

Magnetic  field  intensity 

0.5-1 .2  T 

Magnetic  pressure 

0-40  kPa 

Magnetic  core 

0.16%  carbon  steel 

Magnetic  abrasives 

Cr203,  CeO,  Fe203,  MgO,  B4C,  SiC,  Si02 
abrasive  (5-10  |im)  in  a  matrix  of 
iron  particles  (100-400  fim) 

3.  EXPERIMENTAL  PROCEDURE 

In  the  magnetic  abrasive  finishing  process,  magnetic  field  is  generated  using  an 
electromagnet.  Current  in  the  range  of  0.5-2  A  is  passed  through  the  copper  coil  wound 
in  the  form  of  a  solenoid.  The  magnetic  field  generated  within  the  magnetic  core  passes 
through  the  magnetic  head.  Magnetic  abrasives  are  introduced  in  the  gap  between  the 
magnetic  heads,  i.e.  between  the  N  and  S  poles.  Due  to  the  presence  of  the  field,  the 
abrasives  align  in  the  direction  of  the  field.  The  cylindrical  roller  to  be  polished  is  held  in 
the  chuck  of  the  lathe.  The  roller  is  given  a  rotary  motion  and  is  positioned  in  the 
magnetic  field.  A  small  clearance  between  the  magnetic  head  and  chuck  of  the  lathe  is 
provided  to  avoid  accidental  collision.  The  vibratory  motion  is  provided  to  the  magnetic 
head  by  means  of  a  pneumatic  vibrator  to  eliminate  circumferential  grooves.  Typical 
frequency  of  vibration  of  the  head  are  in  the  range  of  15-20  Hz.  The  abrasives  are 
stirred  at  intervals  of  about  1  minute  to  achieve  uniform  wearing  of  the  abrasives. 

4.  HEAT  TRANSFER  MODELING  OF  MAGNETIC  ABRASIVE  FINISHING 

In  the  magnetic  abrasive  finishing  of  ceramic  rollers,  the  pressure  applied  by 
ferromagnetic  particles  on  the  cylindrical  surface  of  the  roller  causes  a  Hertzian 
contact,  the  radius  of  which  can  be  determined  analytically.  During  the  rotation  of  the 
roller,  the  ferro-magnetic  particles  carrying  hard  fine  abrasives  interact  with  the  surface 
of  the  roller,  thus  removing  material  (as  shown  schematically  in  Figure  3).  The  real  area 
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of  contact  is  assumed  to  be  a  disc  with  a  diameter  of  about  10-20  |im  depending  upon 
the  hardness  of  the  workmaterial  and  the  abrasive.  During  polishing,  the  rod  rotates 
with  a  velocity  v,  and  generates  heat  at  the  rate  of  q  cal/sec  at  the  real  area  of 
contact,  which  is  given  by, 

q  =  P*|i»v«  0.2388  cal/sec 

where 

Pis  the  load,  N. 

M-  is  the  coefficient  of  friction 

V  is  the  sliding  velocity,  m/sec 

The  moving  disc  heat  source  problem  can  be  solved  based  on  the  solution  of  a 
moving  ring  heat  source.  Thus,  a  brief  introduction  of  the  moving  ring  heat  source 
problem  is  given  in  the  following  [1]. 

Consider  a  moving  ring  heat  source,  qrg  (cal/sec),  continuously  liberating  heat 
and  moving  along  the  X-axis  with  a  velocity  v  (cm/sec)  (Figure  4).  The  problem  is  to 
determine  the  temperature  rise  at  any  point  M(x,y,z)  at  any  time  t  (in  seconds)  after 
the  heat  source  begins  to  work. 


The  solution  to  this 
following  equation  [1] : 


problem  for  a  semi-infinite  conduction  medium  is  given  by  the 


v2t 


4a 


where. 


qrg  the  heat  generated  by  a  ring  heat  source,  cal/sec. 

V  sliding  velocity,  cm/sec. 

X  thermal  conductivity  of  silicon  nitride,  cal/cm.sec.  ^C. 
a  thermal  diffusivity  of  silicon  nitride,  cm2/sec. 

X,y  co-ordinates  of  the  point  of  interest. 
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V  v/2a 

CO  a  dimensionless  number  which  has  its  maximum 
value  equals  to  the  upper  limit  of  the  integration, 
ro  the  radius  of  the  ring,  cm. 

lo  (p)  a  modified  Bessel  function  of  first  kind  order  zero. 


when 

when 

when 


u  = 
Rh2  = 

p<1.6 
1.6  <=p< 

p>3 


Rhv 

2a 

ro^  +  X2  +  y2  +  z2 

lo  (p)  =  0.935«exp(0.352p) 

=  3  lo  (p)  =  0.5293.exp(0.7348p) 

lo  (p)  =  exp(p)/(2jtp)0-  5 


The  disc  heat  source  can  be  considered  as  a  combination  of  a  series  of 
concentric  ring  heat  sources  with  different  radii  from  zero  to  ro  (here  ro  is  the  radius  of 
the  disc  heat  source).  Usually  the  intensity  of  heat  liberation  is  not  uniformly  distributed 
from  the  center  to  the  periphery.  A  reasonable  assumption  would  be  to  consider  it  to  be 
distributed  normally. 

Based  upon  the  above  considerations,  the  solution  to  the  moving  disc  heat 
source  for  a  semi-infinite  body,  as  in  the  present  case  is  given  by  the  following  equation: 
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I'D 


u  =  Rh  •  V 

Rh2  =  rj2  +  X2  +  y2  +  z2 

The  various  steps  used  in  the  calculation  of  the  flash  temperatures  using  the 
moving  disk  heat  source  model  along  with  a  sample  calculation  are  given  in  Appendix  A 
and  Appendix  B,  respectively. 

5.  RESULTS  AND  DISCUSSION 

Figures  5  and  6  show  the  variation  of  the  temperature  rise  with  polishing  pressure 
and  sliding  speed  of  the  moving  disc  heat  source  on  the  roller  surface,  respectively.  It 
can  be  seen  that  as  the  polishing  pressure  increases,  the  maximum  flash  temperature 
produced  also  increases.  For  example,  it  is  about  758  OC  at  a  polishing  pressure  of 
68.95  kPa  and  drops  to  about  502  oc  at  34.48  kPa.  Also,  as  the  sliding  speed  of  the 
heat  source  increases,  the  maximum  flash  temperature  also  increases.  For  example,  at 
2.62  m/sec,  the  maximum  temperature  rise  is  about  502  oc  but  increases  to  over  828 
OC  at  5.24  m/sec.  Based  on  Gibbs  Free  Energy  calculations,  it  can  be  shown  that  these 
temperatures  are  sufficiently  high  to  initiate  chemo-mechanical  action  between  the 
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silicon  nitride  roller  and  the  chromium  oxide  abrasive.  However,  the  extent  of  the 
formation  of  the  chemical  compounds  depend  on  the  flash  times.  The  calculation  of  the 
flash  times  is  given  in  the  following  and  in  many  cases  is  of  sufficient  duration  to  cause 
chemo-mechanical  action. 

Determination  of  the  Flash  Times 


Flash  times  of  the  expected  flash  temperatures  can  be  calculated  by  measuring 
the  distance  on  the  temperature  distribution  plot  where  the  temperature  is  above  a 
given  value  and  dividing  it  by  the  velocity  of  the  abrasives.  The  total  flash  time  (Ti)  is 
defined  as  the  time  from  the  beginning  of  the  temperature  rise  to  the  time  when  it  drops 
to  the  room  temperature.  If  this  time  is  more  than  the  time  taken  (say  T2),  for  the  next 
abrasive  to  reach  this  present  location  then  there  would  be  a  cumulative  effect  on  the 
rise  of  flash  temperatures  on  the  rod.  Otherwise,  there  would  be  no  cumulative  effect. 

Taking  the  temperature  rise  plot  of  Figure  5  as  an  example,  the  flash  time  can  be 
found  using  the  following  equation: 

Flash  time,  Ti  =^#io6sec 

where  L  is  the  length  of  the  region  where  the  temperature  is  higher  than  a  certain 
expected  critical  temperature  in  cm. 

V  is  the  velocity  of  the  moving  heat  source  in  cm/sec. 

Table  2  gives  the  flash  times  at  various  flash  temperatures  for  different 
combinations  of  polishing  pressure  and  sliding  speed.  It  can  be  seen  that  depending  on 
the  pressure,  the  temperature,  and  the  sliding  velocity,  the  flash  times  can  range  from 
1-21.2  |isec. 

(a)  Referring  to  Figure  7,  the  total  flash  time  T .|  is  given  by, 

T^  =  132/2.62  =  50.4  nsec. 

(b)  The  time  taken  by  the  next  abrasive  to  travel  through  the  center  to 
center  between  the  abrasives,  T2  is  given  by  (in  this  case,  the  minimum  possible  center 

to  center  distance  is  250  nm) 
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T2  =250/2.62  =  95.4  ^sec. 


Since  T-(  <  T2 ,  there  would  be  no  cumulative  effect  of  the  abrasive  on  the 
flash  temperature  rise  of  the  rod. 


Table  II  Calculated  Flash  Times  for  Various  Flash  Temperatures 


Expected  flash 
temperature,  oq 

100 

200 

300 

400 

500 

600 

700 

P  V 

kPa  m/sec 

Flash  time,  34.48  2.62 

13.0 

6.2 

4.0 

2.6 

1.1 

— 

— 

[isec  34.48  3.93 

10.0 

5.7 

3.7 

2.7 

1.9 

1.3 

34.48  5.24 

6.9 

4.9 

3.4 

2.5 

1.9 

1.5 

1.1 

51.71  2.62 

17.9 

8.9 

5.9 

4.2 

3.0 

1.8 

— 

51.71  3.93 

11.5 

7.9 

5.3 

3.9 

3.0 

2.4 

1.8 

51.71  5.24 

7.6 

6.0 

4.8 

3.6 

2.9 

2.3 

1.9 

68.95  2.62 

21.2 

10.0 

7.6 

5.6 

4.3 

3.2 

2.0 

68.95  3.93 

12.5 

9.4 

6.9 

5.1 

4.0 

3.3 

2.6 

68.95  5.24 

8.2 

6.7 

5.6 

4.6 

3.8 

3.1 

2.6 

It  can  be  shown  that  using  chromium  oxide  abrasive  in  MAF  of  silicon  nitride 
rollers,  at  the  pressures  and  sliding  speeds  used,  the  flash  temperatures  generated  are 
high  and  the  corresponding  flash  times  are  sufficiently  long  to  form  specific  reaction 
products,  such  as,  oxidation  of  silicon,  and  formation  of  chromium  nitride  and  chromium 
silicate  [3].  It  can  also  be  shown  that  based  on  Gibb’s  Free  Energy  (aGO)  calculations, 
the  oxidation  of  silicon  nitride  in  air  can  take  place  around  167  OC.  It  can  be  seen  from 
Table  II,  that  even  at  relatively  low  pressure  (34.48  kPa)  and  low  sliding  speed  (2.62 
m/sec),  the  flash  temperature  in  polishing  far  exceeds  the  temperature  required  for  the 
oxidation  of  silicon  nitride  with  sufficiently  long  duration  of  time  for  the  reaction  products 
to  form.  They  are  close  to  the  conditions  where  chemo-mechanical  reactions  involving 
the  formation  of  chromium  nitride  and  chromium  silicate  can  be  formed.  Thus  chemical 
reactions  can  be  activated  during  polishing  by  proper  choice  of  the  abrasive  and  polishing 
conditions  for  a  given  workmaterial. 
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Examination  of  the  wear  debris  (in  the  SEM  with  an  X-ray  microanalyzer  and  a 
low  angle  X-ray  diffraction  apparatus)  obtained  in  MAP  of  silicon  nitride  rollers  using 
chromium  oxide  abrasive  showed  conclusively  that  Cr203  does  participate  in  the 
chemo-mechanical  polishing  of  Si3N4  forming  chromium  nitride  and  chromium  silicate 
[3,4].  This  work  establishes  the  role  of  Cr203  not  as  a  mere  catalyst  but  one  actively 
taking  part  in  the  chemical  reactions  during  chemo-mechanical  polishing  [4].  Based  on 
it,  we  have  developed  models  for  the  chemo-mechanical  polishing  of  Si3N4  in  air  and  in 
water  with  Cr203  abrasive.  These  models  are  based  on  the  formation  of  such  reaction 
products  as  chromium  silicate  and  chromium  nitride  in  addition  to  the  formation  of  silica 
layer  on  the  surface  of  Si3N4  as  well  as  the  gaseous  reaction  products,  such  as 
ammonia  (in  water)  and  nitrogen  (in  air). 

6.  CONCLUSIONS 

1 .  A  moving  disc  heat  source  model  was  applied  to  magnetic  abrasive  finishing 
(MAP)  process  to  determine  the  flash  temperatures  and  flash  times.  The  workmaterial 
considered  is  silicon  nitride  roller  and  the  abrasive  is  chromium  oxide 

2.  The  moving  disc  heat  source  problem  was  solved  (for  the  case  of  MAP)  by 
assuming  normal  distribution  for  the  intensity  of  heat  liberation  over  the  disc. 

3.  The  flash  temperature  was  found  to  be  a  function  of  the  polishing  pressure  as 
well  as  the  sliding  speed  of  the  abrasives  on  the  work  surface. 

4.  As  the  polishing  pressure  increases,  the  maximum  flash  temperature 
produced  also  increases.  Por  example,  it  is  about  502OC  at  34.48  kPa  and  increases  to 
7580C  with  increase  in  polishing  pressure  to  68.95  kPa.  Also,  as  the  sliding  speed  of 
the  abrasives  on  the  work  surface  increases,  the  maximum  flash  temperature  also 
increases.  Por  example,  at  2.62  m/sec,  the  maximum  temperature  rise  is  502OC.  With 
increases  in  sliding  speed,  say  5.24  m/sec,  the  temperature  rise  increased  to  about  828 
OC.  The  flash  temperatures  and  corresponding  flash  times  were  found  to  be  adequate 
for  the  chemo-mechanical  action  between  the  abrasive  (chromium  oxide)  and  the 
workmaterial  (silicon  nitride)  under  the  conditions  of  polishing.  Experimental  evidence  of 
the  wear  debris  presented  elsewhere  [3,4]  showed  the  formation  of  chromium  nitride  and 
chromium  silicate  by  the  polishing  process. 
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5.  Based  on  the  total  flash  time  calculation,  it  was  found  that  there  would  be  no 
cumulative  effect  of  the  abrasive  on  the  flash  temperature  rise  of  the  rod.  Thus  the 
average  temperature  rise  of  the  bulk  material  of  the  work  piece  is  very  low. 
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APPENDIX  -  A 


Calculation  of  the  Flash  Temperature  Using 
the  Moving  Disk  Heat  Source  Model 

1.  The  surface  velocity  is  determined  from  the  resultant  of  the  rotational  velocity 
of  the  rod  and  the  translational  velocity  of  the  abrasives  sliding  on  the  rod. 

2.  The  number  of  ferro-magnetic  particles  taking  part  in  the  polishing  were 
determined  using  the  ratio  of  the  areas  of  magnetic  brush  and  the  mean  cross-sectionai 
area  of  the  ferro-magnetic  particles  multiplied  by  a  coefficient  of  probability.  The 
assumption  used  here  is  that  the  distribution  of  heights  of  the  asperities  on  the  surface 
of  the  magnetic  brush  is  the  same  as  that  of  a  monolayer  of  particles  with  normal 
distribution  of  their  sizes  backed  with  a  flat  surface  (see  Figure  A 1  for  details). 

3.  The  total  force  acting  is  the  product  of  the  polishing  pressure  and  the  area  of 
magnetic  brush.  The  force  on  each  ferromagnetic  particle  is  the  ratio  of  the  total  force 
and  the  number  of  particles  taking  part  in  polishing. 

4.  The  radius  of  contact  was  determined  from  the  Hertzian  stress  equation: 

ro  =  (1.5  .w.RyE')1/3 

where  w  is  the  load  per  ferromagnetic  particle,  in  N 
R'  is  the  equivalent  radius,  in  m. 

E'  is  the  equivalent  Young's  modulus, 
ro  is  the  radius  of  contact 

R'  Ri  R2 

Ri  is  the  radius  of  the  ferromagnetic  particle, 

R2  is  the  radius  of  the  cylindrical  surface  of  the  work 

1  ^  l-Vl^  ■1-V2^ 

E'  El  E2 


where 


Where 
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E'  is  the  equivalent  Young's  modulus, 

El  is  the  Young's  modulus  of  the  work  piece, 

E2  is  the  Young's  modulus  of  the  ferromagnetic  particle, 
vi  is  the  Poisson's  ratio  of  workmaterial, 

V2  is  the  Poisson's  ratio  of  the  ferromagnetic  particle. 

5.  The  heat  generated  is  determined  from  the  product  of  the  load,  the  sliding 
velocity,  and  the  coefficient  of  friction. 

6.  The  fraction  of  the  heat  contributing  to  the  temperature  rise  is  assumed  to  be 
a  linear  function  of  thermal  conductivities  of  the  silicon  nitride  workmaterial,  chromium 
oxide  abrasive,  and  the  ferromagnetic  powder  used  in  the  polishing. 

7.  The  heat  dissipated  into  the  workmaterial  causes  temperature  rise  (flash 
temperatures)  at  the  contact  point. 

8.  The  flash  time  (i.e.  duration  of  the  expected  temperature)  is  calculated  in  the 
following  manner:  (Consider  for  example,  the  flash  temperatures  as  100,  200,  300, 
400, 500,  600,  and  700  °C,  respectively) 

i)  Calculate  from  the  temperature  distribution  plots  along  the  X-axis,  the  total 
distance  in  the  vicinity  of  the  working  ferromagnetic  particle  where  temperature  exceeds 
100,  200,  300,  400,  500,  600  or  700  oc,  respectively. 

ii)  Divide  this  distance  by  the  sliding  velocity  obtained  in  step  i  to  yield  the  flash 

time. 


9.  To  determine  whether  the  particle  adjacent  to  the  particle  under  consideration 
has  any  effect  on  the  cumulative  rise  in  the  flash  temperature,  the  time  taken  by  the 
adjacent  particle  to  reach  the  present  one's  position  is  calculated.  This  is  simply  the 
ratio  of  the  center  to  center  distance  between  the  neighboring  particles  and  the  sliding 
veiocity.  If  this  time  is  longer  than  the  total  flash  time  from  the  beginning  of  temperature 
rise  to  the  moment  when  the  flash  temperature  rise  drops  down  to  zero,  then,  there  is 
no  cumulative  effect. 
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APPENDIX-B 


Specimen  Calculations  Using  the  Moving  Disk  Heat  Source  Model 

Table  B1  gives  the  polishing  conditions  used  and  Table  B2  gives  the  relevent 
material  properties  of  the  workmaterial  and  the  abrasive. 

Table  B1 :  Polishing  Conditions  Used 


Polishing  pressure  p: 

34.48  kPa 

Diameter  of  the  silicon  nitride  rod  D: 

25  mm 

Rotational  speed  of  the  rod  N: 

2000  rpm 

Oscillational  frequency  of  the  magnetic  head,  f: 

25  Hz 

Amplitude  of  oscillation  of  the  magnetic  head  A: 

0.25  cm 

Width  of  the  magnetic  head  L: 

1.0  cm 

Size  of  the  ferromagnetic  particles : 

100-400  p,m 

(means  diameter  =  250  ^m) 

Volume  fraction  of  Iron  powder  v: 

60% 

Table  B2:  Material  Properties  of  the  Workmaterial  and  the  Abrasive 


Thermal  conductivity  of  silicon  nitride,  M: 

0.026  cal/cm.sec.oc 

Thermal  conductivity  of  chromium  oxide,  xz 

0.076  cal/cm.sec.oc 

Thermal  conductivity  of  iron  powder: 

0.174  cal/cm.sec.oC 

Thermal  diffusivity  of  silicon  nitride,  a: 

0.039  cm2/sec. 

Heat  capacity  of  silicon  nitride,  C: 

0.202  cal/gm.  OK 

Density  of  silicon  nitride,  p: 

3.3  gm/cm3 

Elastic  modulus  of  silicon  nitride,  Ei: 

304  GPa 

Elastic  modulus  of  ferromagnetic  particles,  iron,  Ez 

160  GPa 

Poisson’s  ratio  of  silicon  nitride,  v  ^ : 

0.25 

Poisson’s  ratio  of  iron  particles,  v  z 

0.28 

Surface  velocity  of  the  magnetic  particles,  Vi  =  ti  D  N  /  60 

=  3. 14. 25  •10-3.2000/60 
=  2.618  m/sec. 
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Oscillational  speed  of  the  magnetic  head,  V2  =  2  •  A  •  f  /100 

=  2.0.25.25/100  =  0.125  m/sec 
Relative  velocity  between  the  abrasive  and  work  piece, 

1 

V  =  [Vi2  +  V22]2 

V  =  2.621  m/sec. 

Number  of  magnetic  abrasives  in 

the  monolayer  =  71 . 0.5 .  D  .  L  /  (abr.  size)2 

=  3.14  .  0.5  .  25  .  10/(250.250.10-6) 
=  6283 


Referring  to  Figure  B1 ,  it  can  be  seen  that  initially  only  a  few  particles  which  are 
of  the  highest  height  of  the  asperities  are  under  contact.  With  the  application  of 
polishing  pressure  by  means  of  the  magnetic  field,  the  contact  points  of  those  particles 
will  undergo  a  certain  deformation.  It  consequently  causes  the  work  surface  to  approach 
closer  to  the  magnetic  brush  as  shown  in  Figure  B1. 

With  a  load  about  1-  2.5  N/particle,  the  deformation  of  the  contact  points  can 
be  estimated  to  be  in  the  range  of  0.6  to  1.8  ^m.  The  total  range  of  distribution  of  the 
heights  of  different  particles  is  around  300  pm  (assuming  normal  distribution).  Due  to 
deformation  of  the  initial  contact  points,  the  number  of  particles  with  actual  contact 
(number  of  active  particles)  increases.  The  deformation  is  very  small  (0.6-1 .8  pm) 
compared  to  the  total  range  of  distribution  (300  pm).  The  probability  of  the  heights  of 
asperities  falling  into  this  small  range  (0.6--1.8  pm)  is  very  low.  The  probability 
calculations  show  that  it  is  almost  constant  (about  0.14%)  when  the  deformation  of  the 
initial  contacts  is  in  the  range  of  0.6-1 .8  pm. 

Effective  young’s  modulus,  E’  is  given  by, 

F= - f - 

1  -  ^  1  -  V2^ 

El  E2 
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1 


E'  = 

1-0.28^  ,  1-0.25^ 
160x109  304x  109 


E'  =  1.131.1011 


Effective  radius  of  contact,  R’  is  given  by, 


where  R-|  is  the  radius  of  the  ferromagnetic  particle,  and  R2  is  the  radius  of  the  roller  at 
the  point  of  contact. 


R'  = 


_ 1 

1 

0.5  X  250  X  10-3 


+ 


1 

12.5 


R’  =  0.124  mm. 


Total  load  on  the  rod,  W  =  polishing  pressure  •  0.5 .  jt  •  (rod.  dia.)  • 

(length  of  heat  source) 

=  3.45. 0.5.7c. 2.5  .1.0 
=  13.54  N. 

Load  per  magnetic  particle,  w  =  Total  load  /  number  of  particles  under  contact 

=  13.54/(6283.  0.0014) 

=  1 .54  N/particle 

Radius  of  contact,  ro  is  given  by, 

ro  =  (1.5.w.RVE')1/3 

=  [(1 .5.1 .54.0.124.1 0-3)/1 .1 31 .1 0l  1]1/3 
=  13.64  |im. 

Total  amount  of  heat  produced  during  polishing  at  the  disc  plane  heat  source,  Q  is  given 
by  (assuming  n  =  0.25), 
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Q  =  (w«^«v»  .2388) 


=  (1.54.  0.25 . 2.62  .  .24) 

=  0.241  cal/ sec. 

The  fraction  of  heat  that  goes  into  the  workmateriai,  x  is  given  by, 

X  _ _  ^Si3N4 _ 

^Si3N4  +  { [-f  QQ '  ^  content  j  Xcrj03  +[  0.01  .  %  of  Iron  content.  A-pe  ]  } 

X  =  0.026/(0.026+(0.076..4)+(0.174..6)) 

=  0.1617 

Amount  of  heat  that  goes  into  the  silicon  nitride  workmateriai,  Qwp  is  given  by, 

Qwp  =  Q  •  X 

=  0.2410.0.1617 
=  0.039  cal/sec. 
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Cr2  03  particles 


moving  disc  shape  heat  source 


Figure  3  Schematic  of  the  moving  disc  heat  source  problem  [1] 
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begins  to  work 

Figure  4  Moving  ring  heat  source  problem  in  an  infinitely  large  conducting 
medium  ( after  Hou  Zhen  Bing  and  R.Komanduri  [1] ) 


209 


v=2.62  m/sec 


Distance  from  center  of  contact,  X  cm 


Figure  5  Variation  of  flash  temperature  rise  with  polishing  presure 


P=34.48  kPa 


Figure  6  Variation  of  flash  temperature  rise  with  sliding  speed  of 
abrasives  on  the  work  surface 
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P=34.48  kPa  v=2.62  m/sec 


-0.012  -0.009  -0.006  -0.003  0  0.003 

Distance  from  center  of  contact,  X  cm 

Figure  7  Total  flash  temperature  rise 
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magnetic  brush  -  an  agglomerate 
of  ferromagnetic  particles  in  the 
magnetic  field  \ 


highest  height  of  the 
asperities 


lowest  height  of  the  asperities 

\ 


300  pn 


Y  \  under  polishing  pressure  the  work  surface  gets 
closer  to  the  magnetic  brush,  around  .6  to  1 .8  pi 
due  to  the  deformation  of  contact  points  of  the 
real  active  ferromagnetic  particles 

The  deformation  of  the  real  contacting  points  causes  the  increase  of 
probability  of  real  contact  from  nearly  zero  to  about  .14  %. 


Figure  B1  Coefficient  of  probability  of  real  contact 


212 


